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© Methods and compositions for magnetic resonance imaging. 



© improved compositions and methods for selective access to tumor regions (or other regions of abnormal 
endothelial properties). This capability provides powerful contrast-enhancement agents for nuclear magnetic 
resonance imaging. A polyatomic complex which includes intramolecular ferromagnetic coupling between metal 
atoms is associated with a polymer or microsphere carrier matrix which will bind to endothelial determinants. A 
solution containing this carrier complex is injected into a human (or other) body to be imaged. The carrier 
complex will preferentially extravasate at locations where the blood vessel walls have increased porosity or 
microvascular surface changes, and especially at tumor sites. Thus, the changes in relaxation time induced by 
the presence of the carrier complex will provide a high-gain marker for magnetic resonance imaging. 

Multiple superparamagnetic polyatomic complexes are described, including novel complexes which include 
acetate and glycinate bridging ligands with a polyatomic metal-atom-complex core. 
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METHODS AND COMPOSITIONS FOR MAGNETIC RESONANCE IMAGING 



BACKGROUND AND SUMMARY OF THE INVENTION 



5 The present invention relates to nuclear magnetic resonance imaging methods. . 

Nuclear Magnetic Resonance Imaging Generally 

to Atoms which have a magnetic moment will have sharply defined frequencies of nuclear oscillation in a 
strong magnetic field. This phenomenon is known as "nuclear magnetic resonance." or NMR. The 
frequency of oscillation of each atomic nucleus will depend on its mass, its dipole moment, the chemical 
bonding of the atom, the atom's environment (which will be affected by electromagnetic coupling to other 
atoms in the vicinity), and the strength of the magnetic field seen by the atom. Thus, the frequency of 

;s oscillation will be characteristic, not only of the various atomic species, but also of their molecular 
environments. By resonantly exciting these oscillations, the atomic species and their environments can be 
determined with accuracy. 

If a pulse of RF energy is applied at a resonance frequency of atoms of a particular species and 
environment (e.g. hydrogen atoms in a water environment), the atomic nuclei of this type and environment 

20 will be excited into nuclear oscillation, and will later make a transition back to a tow state of excitation. This 
transition will often be accompanied by emission of a radio-frequency signal, at the excitation frequency or 
a known lower frequency. (This emission is known as a "spin echo.") The spatial distribution of these 
"echoes" will provide a map of the distribution of atoms of the predetermined type and environment. 
Moreover, the time delay before the spin echo emission occurs will also give important information about 

25 the environment of the atom. (This time delay is referred to as the relaxation time.) Relaxation time analysis 
is generally used to provide additional detail in NMR imaging for medical purposes. 

In the last decade, this technique has been applied to perform medical imaging. Living bodies can be 
imaged without harm, using the known resonance characteristics of (usually) protons in an aqueous 
environment A strong DC magnetic field Bo is used, together with gradient fields which are controlled so 

30 that the net total magnetic field will reach a predetermined value only in desired locations. A series of RF 
pulses is applied, while the magnetic bias fields are varied (using field-gradient coils) and the "spin echos" 
are detected. Since the magnetic field contours, and the resonance characteristics of the protons, are 
accurately known, the position where the spin echos originate can be accurately deterrhined. By repeated 
pulse and measurement operations, a map of the distribution of aqueous protons (and, in some cases, of 

35 lipid protons) can be obtained. This imaging technique is referred to as "magnetic resonance imaging," or 
"MRI." 

Much recent recent work has developed refined techniques, based on the general technique just 
described. The NMR phenomenon can be used to form images based merely on intensity, or time-domain 
windowing can be used to distinguish among atoms with differing relaxation times. Another variation is to 

40 precisely distinguish the spectral characteristics which are determined by the atomic environment of the 
nucleus, and this technique is referred to as spectral-shift imaging. 

Magnetic resonance intensity, relaxation and spectral-shift images have been shown in recent years to 
proyrde an important, safe mode of brain and body imaging at very high spatial resolution (typically less 
than 0.6 x 0.6 mm in-plane resolution x 2 mm-thick slices) of internal structures, organs and pathologic foci 

45 in live animals and humans. MRI potentially allows much smaller structures and tumors to be detected and 
monitored therapeutically than is possible by computed axial tomography (CAT) or radionuclide imaging, 
which typically resolve tumor masses only at 1 to 2.5 cm 3 . 

Clinical MRI is a rapidly growing form of brain and body imaging. This has proven to be a very useful 
diagnostic technique, and its use is rapidly increasing. The use of this technique for body imaging is 

so beginning to increase above 10% of total cases. This increase has been accelerated as a result of the 
availability, on many of the standard clinical instruments, of such improved techniques as: more rapid, T1- 
weighted. narrow-flip-angle pulse sequences; efficient data processing; and respiratory and cardiac gating 
devices. Rapid images of acceptable quality can be acquired using near-real-time acquisitions of 15 
seconds (a single breathhotding interval) to 2 minutes. Proton MRI detects chemical parameters in the 
immediate environment around mobile protons of body water (principally) and fat. Changes in these 
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parameters are often more sensitive, and frequently occur earlier in the course of disease, than those 
detected by CAT (tissue densities) or radionuclide imaging (gamma isotopic emissions from radionuclides 
localized in diseased tissues at sufficient concentrations above blopd background). (See Runge et aL. 141 
Am. J. Radiol. 1209 (1983)). Nevertheless, in the absence of contrast agents, it has been difficult for MRI to 

s detect" very small tumors, especially those less than 2 mm 3 in brain and less than 5 mm 3 in the body. 

Body MR images are less well resolved than brain images, for several reasons. Body imaging involves 
larger RF coils, with resulting lower magnetic field homogeneity and decreased sensitivity (decreased 
signal-to-noise ratio). Body imaging also can be affected by body motion artifacts. (The time required to do 
NMR body imagining on human patients is typically in the range of 1.5 to 7 minutes, depending on the 

w imaging sequence used.) Additionally, it has been demonstrated that it is difficult for MRI (unless 
augmented by nonelectronic means) to: 1) distinguish between viable (perfused) and necrotic (unperfused) 
tumor- 2) recognize biologically relevant tumor subregions which must be monitored at the very small sizes 
(1 mm 3 ) and early intervals (20 to 30 hours) required to assess early treatment effects before tumor nodules 
regrow to X-ray-detectable and radionuclide-detectable sizes. The newly expanded repertoire of RF pulse 

is sequences cannot compensate entirely for body motion artifacts. - 

NMR Image Enhancement 

2 Q ■ It has long been suggested that strongly paramagnetic species could be used as image-enhancers for 
nuclear magnetic resonance (NMR) imaging of living organisms. For example, efforts have been made to 
transport gadolinium ions (as ion chelates) into imaging sites, since gadolinium ions are strongly paramag- 
netic. However, it has not heretofore been possible to achieve highly selective transport of appropriate 
gadolinium-bearing species to the desired imaging sites. 

25 Image contrast enhancement with potent, nontoxic, tumor-selective MRI contrast agents can overcome 
many of these problems by enhancing critical turrfor structures (including tumor margins) and thereby 

shortening image-acquisition times. 

Paramagnetic contrast agents decrease the relaxation time (Tl-time preferentially) of mobile, rf-pulsed 
protons' This increases the local image intensity of tissues, organs, tumor matrix or tumor cells in which the 
30 agent becomes- localized. The result is that small tumors (and other pathologic foci) are imaged (or their 
spectra monitored) with improved selectivity, sensitivity and precision of marginal definition. 

Seven factors make it highly desirable to develop nontoxic MRI image-enhancing agents analogous to 
those available for CAT. 

1 . They increase the specificity of MRI diagnosis. 
35 2. Smaller lesions can be identified earlier. 

3 Image-enhancing agents enhance tumor masses differently than surrounding edema fluid or 
abscesses. This allows the extent and invasion of tumors to be defined more precisely. Lesions with 
infiltrative-type growth (e.g., certain metastic carcinomas and glioblastomas) will require contrast agents for 
. demarcation between tuTFor and edema fluid (Felix et aL, 2 Proc. Soc. Mag. Res. Med. 831 (1 985)). 
40 4. Image-enhancing agents improve the distinction between recurrent tumor and fibrous tissue 

resulting from surgery and radiation. 

5 Image-enhancing agents can decrease the time required per scan and potentially decrease the 
- number of scans required per procedure. This increases the volume of procedures and decreases their 

expense. . . . . . . 

45 6 Body imaging has a. significantly lower resolution (typically 0.5-1.0 cm) and sensitivity (decreased 

signal-to-noise ratio) than brain imaging (see Wesbey et aL, 149 Radiology 175 (1983). which is hereby 

incorporated by reference)). These differences result from the greater inhomogeneity of the magnetic field; 

the larger radio frequency coil; unequal phase-pulsing of deep versus shallow nuclei; and motion artifacts 

produced by respiration, cardiac systole, gastrointestinal peristalsis, and voluntary muscle movement, 
so 7 Advanced (polymeric and microsphere) forms of contrast agents (see below) appear to be required 

for the optimal acquisition and interpretation of blood-flow and tissue-perfusion images and related spectral 

(phase) information. 

Toxicity of the image-enhancing substance is not only undesirable per se, but also will necessarily limit 
the maximum dose which can be used, and therefore will limit the degree of image-enhancement which can 
55 be achieved. 

The discrete intensities of a two-dimensional, Fourier-transformed image are described by the following 
general equation (for spin-echo pulse sequences): 
Intensity = N(H)*f(v)*exp(-TET2)*(1 - exp(TE-TR/T1). 
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where: 

N(H) = number of protons in the discrete tissue volume (spin density); 

f(v) = a function of proton velocity and the fraction of protons which are moving (e.g., due to the following 
blood); 

5 TE = time between the radio frequency (rf) pulse and the detection of signal (spin-echo); 
TR = the interval between repetition of the RF pulse. 

T1 = the time interval associated with the rate of proton energy transfer to the surrounding chemical 
environment (spin-lattice relaxation); 

T2 - the time interval associated with the rate of proton energy level transfer (spin-spin relaxation). 

io The T1 and T2 times have reciprocal effects on image intensity. Intensity is increased by either 
shortening the Tt time or lengthening the T2 time. Tissue contrast occurs naturally and is related to 
variations in the chemical environments around water protons (major contributor) and lipid protons (usually 
minor). Chemical agents have been used to enhance this natural contrast. The one most widely tested 
clinically is the paramagnetic metal ion, gadolinium. (See Runge et al., 141 Am. J. Radiol. 1209 (1983) 

is (which is hereby incorporated by reference) and Weinman et al., 142 " Am. J. Radior619 (1984), which is 
also hereby incorporated by reference). Although gadolinium shortens botfTthe T1 and T2 times, at the 
lower doses used for clinical imaging, the T1 effect generally predominates and the image becomes 
brighter. Also, the RF pulse sequence can be programmed to accentuate T1 changes and diminish those 
due to T2 (Runge et aL, 141 Am. J. Radiol. 1209 (1983)(which is hereby incorporated by reference)). 

20 Hence, "T1 -weighted" enhancement can be achieved by selecting the most favorable Gd dose and RF 
pulse sequence. 

The shortening of proton relaxation times by Gd is mediated by dipole-dipole interactions between its 
unpaired electrons and adjacent water protons. The effectiveness of Gd's magnetic dipole drops off very 
rapidly as a function of its distance from these protons (as the sixth power of the radius). (See Brown, 3 

25 Ma 9- Res. Imag. 3 (1985)(which is hereby incorporated by reference)). Consequently, the only protons 
which are relaxed efficiently are those able to enter Gd's first or second coordination spheres during the 
interval between the RF pulse and signal detection. This ranges from 105 to 106 protons sec" 1 . (See 
Brown, 3 Mag. Res. Imag. 3.) Still, because Gd has the largest number of unpaired electrons (seven) in its 
4f orbital, it has the largest paramagnetic dipole (7.9 Bohr magnetons) and exhibits the greatest paramag- 

30 netic relaxivity of any single element (Runge et al. . 141 Am. J. Radiol. 1209 (1983), and Weinman et al., 142 
Am. J. Radioi. 619 (1984)). Hence. Gd has the highest potential of any element for enhancing"images. 
However, the free form of Gd is quite toxic. This results in part from precipitation at body pH (as the 
hydroxide). In order to increase solubility and decrease toxicity, Gd has been chemically chelated by small 
organic molecules. 

35 In mid- 1988, a first-generation, low-molecular-weight, paramagnetic contrast agent, gadolinium- 
diethylenetriaminepentaacetate (Gd-DTPA) dimeglumine, was approved for general clinical use (Berlex- 
Schering AG; West Germany patent filed by Gries, Rosenberg and Weinman: DE-OS 3129906 A 1 (1981)). 
This agent has significantly improved the assessment of brain and renal tumors. Nevertheless, its small 
molecular size causes it to: 1) diffuse freely into normal tissues as well as pathologic foci, thereby 

40 decreasing the magnitude and gradient of image contrast at tumor margins; and 2) backdiffuse rapidly from 
the tumor matrix into blood capillaries, resulting in a very short postinjection contrast interval of 10-45 
minutes. This latter characteristic precludes the premedication of patients outside the imaging room. The 
presence of an intact blood-brain barrier in the normal tissue surrounding brain tumors, reduces the 
problem of normal brain enhancement by Gd-DTPA. 

45 Despite its satisfactory relaxivity and toxicity, this formulation has four major disadvantages. 

(1) Chelation of Gd markedly decreases its relaxivity (by half and order of magnitude). This happens 
because chelators occupy almost all of Gd's inner coordination sites, which coincide with the strongest 
portion of the paramagnetic dipole. (See Koenig, 2 Proc ' Soc, Mag. Res. Med. 833 (1985)(which is^ hereby 
incorporated by reference), and Geraides et aL, 2 Proc. Soc. Mag. Res. Med" 860 (1985)(which is hereby 

so incorporated by reference)). 

(2) Gd-DTPA dimeglumine, like all small paramagnetic metal chelates, suffers a moderate decrease 
in relaxivity at the higher radio frequencies used clinically for proton imaging (typically 15 MHz); (See 
Geraides et al., 2 Proc. Soc. Mag. Res. Med. 860.) 

(3") Due to its low molecular weight, Gd-DTPA dimeglumine is cleared very rapidly from the 
55 bloodstream (1/2 in 20 minutes), and also from tissue lesions (tumors). (See Weinman et al., 142 Am. J. 
Radiol. 619 (1984)). This limits the imaging window (to ca. 10 to 45 minutes); limits the number of optimal 
images after each injection (to ca. 2); and increases the agent's required dose and relative toxicity. 

(4) The biodistribution of Gd-DTPA is suboptimal for imaging of body (versus brain) tumors and 
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infections This is due to its small molecular size. Intravenously administered Gd-DTPA exchanges rapidly 
into the extracellular water of normal tissues, as well as concentrates in tumors and infections. This is 
facilitated by the absence, in body organs, of the "blood-brain" vascular barrier which partly restricts the 
exchange of Gd-OTPA into the extracellular water of normal (versus diseased) brain. The result, in body 

s organs, is a reduced difference in the concentration of Gd-DTPA between normal and diseased regions of 
tissue, and hence, reduced image contrast between the normal and diseased regions of the organ. Also, a 
disproportionate quantity (>90%) of Gd-DTPA is sequestered very rapidly in the kidneys. (See Weinman et 
al 142 Am J Radiol. 619 (1984)). Of much greater interest to body MRI, are the abdominal and 
nTusculoskelitaTsoftliiiue sites involved in the early detection and staging of tumors (particularly body 

to tumors, including the liver, spleen, bone marrow, colon, pancreas, and limbs). 

Attempts have been reported to conjugate paramagnetic (principally gadolinium) chelates to protein 
carriers (principally albumin), by adding reactive chelate precursor molecules (principally DTPA anhydride) 
with the externally exposed amino groups of the intended carrier protein. However, due to the hm.ted 

' number of such amino groups on naturally occurring proteins, and the difficulty of forming amine 

is conjugates, these protein carriers have suffered from low derivitization (substitution) ratios. 

Comparably low substitution ratios (normalized for molecular weight) have been reported for im- 
munoglobulins. (See Lauffer et al.. 3 Mag. Res. Imaging 11 (I985)(which is hereby incorporated by 
reference), and Brady et al.. 1983~Soc. Mag. Res. 2nd Ann. Mtg., Works in Progress , San Franc.sco, CA). 
' Comparably low substitution ratos have also been reported for fibrinogen. (See Layne et ah 23 J. NucL 

20 Med 627 (1982)(which is hereby incorporated by reference)). This results from the relative difficulty of 
forming amide bonds, the comparatively low number of exposed amino groups on typical proteins which are 
available for coupling, and the relatively rapid hydrolysis of DTPA anhydride coupling substrate which 
occurs in the aqueous solvents required to minimize protein denaturation during conjugation. (See 
Hnatowich et al.,.33 Int. J. Appl. Rad. Isot. 327 (1982)(which is hereby incorporated by reference), and 

25 Krejcarek eT aT, 77 BiocTiemrBiophya. Res. Comm. 581 (1977)(which is hereby incorporated by re- 
ference)) Theoverall effect of these suboptimal conditions is that a very large dose of carrier material is 
required to achieve significant in vivo effects on MR images. At this high dose, the carrier produces an 
unacceptable acute expansion of the recipient's blood volume by an osmotic mechanism. Indeed, low 
substitution ratios have generally limited the use of such protein-chelator-metal complexes to the more 

30 sensitive(low-dose). radiopharmaceutical applications. (See Layne et ai., 23 J. NucL Med 627 (1982)(which 
is hereby incorporated by reference)). ^ » u 

An attempt to overcome this low substitution ratio has been made by conjugating DTPA to the non- 
protein, cellulose (which is water insoluble). (See Bulman et al.. 40 Health Physics 228 (1981)(wh.ch is 
hereby incorporated by reference).) However, the chemical method employed results in contmued subop- 

35 timal substitution of DTPA to carrier. The nonbiodegradability of cellulose (which is water msoluble) and its 
water-soluble derivatives, and the reported molecular aggregation which results from organic-solvent 
conjugation (in dimethylformamide) of CNBr-activated cellulose to the diaminohexyl spacer groups which 
link the carrier to DTPA, have rendered this class of carrier-conjugates unacceptable for intravenous 
administration at the doses required for MR image enhancement. 

40 A very important consideration in the image enhancement of solid tumors and inflammatory lesions by 
polymeric contrast agents is that, in order for these agents to extravasate (exit) efficiently from the 
microcirculation into adjacent diseased tissues, they must be completely soluble. For example, they must 
■■■ not be contaminated by intermodular or supramolecular microaggregates. Optimal tumor access and 
localization requires that the molecular size of such agents generally be less than approximately 2.000.000 

45 Daltons (ca. 2 to 3 nanometers in molecular diameter), and preferably less than 500,000 Daltons (ca. 0.5 to 
1 nanom"e7er in molecular diameter; see Jain 1 Biotechnology Progress 81 (1985), which is hereby 
" incorporated by reference), and most preferably, as taught by the present application, less than about 
40 000 to 45 000 Daltons. For this reason, with rare exceptions (see Example 6. below), the particulate and 
microaggregate classes of contrast agents (which comprise the liposomes, colloids, emulsions, particles. 

so microsphere and the larger microaggregates. as described below) do not concentrate efficiently in most 
solid tumors and inflammatory lesions. 

Instead following intravenous administration, these supramolecular-sized agents: 
a) are first circulated in the bloodstream for relatively short intervals (2 minutes to 24 hours, 
depending on size), potentially allowing direct image enhancement of the blood pool (plasma compartment); 

5S b) are subsequently cleared by specialized (phagocytic) cells of the reticuloendothelial tissues (liver, 

spleen and bone marrow), potentially allowing selective enhancement of these normal tissues, but produc- 
ing indirect (negative) enhancement of lesions region these tissues (due to exclusion of the agents from the 
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diseased regions). 

Additionally, following installation into the gastrointestinal tract and other body cavities, these particulate 
and microaggregate classes of agents can produce direct image enhancement of the fluids within these 
cavities, and thereby potentially delineate mass lesions which encroach upon the lumens and cavities. 
5 Both microspheres and microaggregates are supramolecular in size. The microaggregate class of 

agents is produced (intentionally or unintentionally) by either a) molecular cross-linking of individual polymer 
molecules or b) secondary aggregation of previously singlet (soluble) polymers, as induced by charge 
attraction or hydrophobic bonding mechanisms. It is distinguished from the microsphere class of agents by 
virtue of its smaller particle size, which ranges from approximately 2,000,000 Daltons (ca. 2 to 3 nanometers 
io in diameter) to 0.1 micrometers (= 100 nanometers in diameter). It is important to~note that microagg- 
regates are cleared by reticuloendothelial phagocytes with significantly less efficiency and rapidity than are 
microspheres. In general, this property makes microaggregates a less preferred class of agents for 
visualizing the liver, spleen and bone marrow under ths usual conditions of clinical imaging, for which 
prompt post-injection contrast enhancement is required. 
is Gd-PTPA has been entrapped in liposomes in order to selectively enhance images of the reticuloen- 
dothelial organs (liver, spleen and bone marrow) and potentially the lungs. (Buonocore et aL, 2 Proc. Soc. 
Mag- Res. Med. 838 (1985)(which is hereby incorporated by reference).) Liver clearancels mediated~by 
phagocytic (Kupffer) cells which spontaneously remove these small (0.05 to 0.1 micron) particles from the 
bloodstream (Buonocore et aL (1985) 2 Proc. Soc. Mag. Res. Med. 838). (Particles larger than 3 to 5 micron 
20 are selectively localized in the lungs, due to embolic entrapment in lung capillaries.) A recent report 
indicates that the small-sized Gd-liposomes produce effective decreases in liver TVs (as determined 
spectroscopicaily without imaging): see Buonocore et aL (1985) 2 Proc. Soc. Mag. Res. Med. 838). Also, 
insoluble Gd-DTPA colloids have recently been reported to enhance MR imag"es^f7abbi7Tivers under in 
vivo conditions (Wolf et aL (1984) 4 Radiographics 66 (which is hereby incorporated by reference)). 
25 However, three major problems appear to limit the diagnostic utility of these devices. The multilamellar, lipid 
envelopes of liposomes appear to impede the free diffusion of water protons into the central, hydrophobic 
cores of these carriers, as assessed by the higher doses of Gd required for in vitro refaxivities equivalent to 
Gd-DTPA dimeglumine (Buonocore et aL (1985) 2 Proc. Soc. Mag. Res. Med. 838). This increases the 
relative toxicity of each Gd atom. 
30 Even more importantly, these same lipid components cause the carriers to interact with cell membranes 
of the target organs in a way which leads to a marked prolongation of tissue retention, with clearance times 
of up to several months. (See Graybill et aL, 145 J. Infect. Pis. 748 (1982)(which is hereby incorporated by 
reference), and Taylor et aL, 125 Am. Rev. Resp. Pis. 610 (1982)(which is hereby incorporated by 
reference).) Two adverse consequences result. First, image enhancement does not return to baseline in a 
35 timely fashion. This precludes re-imaging at the short intervals (ca. 1 to 3-weeks) needed to assess acute 
disease progression and treatment effects. Second, significant quantities of the 'liposomally entrapped Gd- 
DTPA may be transferred directly into the membranes of host cells. (See Blank et al. 39 Health Physics 913 
(1980)(which is hereby incorporated by reference); Chan et aL, 2 Proc. Soc. MagTRes. Med. 846 (1985)- 
(which is hereby incorporated by reference).) This can markedly increase the ceMulaTTetention and toxicity 
40 of such liposomal agents. 

The consequences for Gd toxicity have not yet been reported. Protein (albumin) microspheres with 
entrapped Gd and Gd chelates have been prepared, and have been determined (by the present inventor 
and others: see Saini et aL (1985) 2 Proc. Soc. Mag. Res. Med. 896) to have only modest effects on T1 
relaxivity in vitro. This is because most of the Gd as well as other entrapment materials are initially 
45 sequestered in the interior of these spheres, and are released very slowly as the spheres become hydrated 
(with t 1/2 s of hours). (See Widder et aL. 40 Cancer Res. 3512 (1980)(which is hereby incorporated by 
reference).) This phenomenon has been found by the present inventor to markedly reduce the acute (30-to- 
90-minute) relaxivity of each Gd atom to approximately 1/1 0th that of Gd-DTPA dimeglumine. Hence, both 
the quantity of carrier material and the toxicity of Gd are both unnecessarily high, 
so Emulsions of insoluble, gadolinium oxide particles have been injected into experimental animals, with 
significant image-enhancing effects on the liver. (Burnett et aL (1985) 3 Magnetic Res. Imaging 65). 
However, these particles are considerably more toxic than any of the preceding materials, and are 
inappropriate for human use. 

55 

Novel Compositions and Methods for Imaging 

Because of the significant disadvantages of existing MR imag contrast agents, the present inventor has 
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formulated improved, second-generation prototype agents with reduced toxicity, .ncreased selectivity of 
tumor and organ uptake, as well as a significant potential for enhancing blood flow .mages. 

A very important consideration, as taught by the present application, is that the marker substance 
should preferably by selectively deposited at the tissue location which is sought to be imaged. Moreover, 
the present application a.so contains significant teachings, regarding how closely the paramagnetic marker 
substance is bound to the polymer, which are believed to provide substantial advantages over previous 
teachings. The present application provides a novel method for NMR imaging, wherein .mage contrast is 
very strongly enhanced by a selective transport method which introduces superparamagnetic material 
selectivelylnto the desired imaging locations, and specifically into tumor locations. The present application 
also provides novel compositions of matter which are useful in implementing these methods 

MRI contrast enhancement can be improved moderately in the brain (and greatly in the body, which 
lacks the brain-s tight blood-tissue barrier), by increasing the tumor selectivity of agent uptake. 

Injected gadolinium exchanges off of its DTPA chelator at a slow but significant rate m vivo . The 
resulting free gadolinium forms insoluble oxides, clears slowly from the body, and many produce significant 
side effects. The present application permits major advantages to be gained, by subst.tut.ng a less toxic, 
efficiently cleared, highly paramagnetic ion or polyatomic metal-atom complex in an .mproved delivery 

^Chromium, in the form of s» C rO*-». has been used extensively as a clinical agent for radionuclide 
labeling of platelets and red blood cells. Hexavalent chromate is converted within the red cell to the Cr 
cation which binds tightly but not irreversibly to hemoglobin. s.'Chromium elutes from red cells at an 
average rate of 0.93% per day. It is not reutilized by the body, but it cleared efficiently by excretory 
pathways. It is also of low toxicity in humans, even at re.atively large doses. According to studies, m which 
neutrophils, tumor-cells and other biological targets have been labeled in, vitro. s 'CrO t has been shown o 
bind to several cytoskeletal and cytoplasmic proteins (actomyosin as well as hemoglobin), and also to 
adenine nucleotides. It has also been shown to be nontoxic in vitro at relatively h.gh concentration, as 
assessed by sensitive measures of cellular metabolism, DNA synthesis and cell division. 

■ When tested as a potential MRI contrast agent, chromium ( + 3) has only moderate potency compared 
to gadolinium ( + 3), which has the highest number of unpaired electrons (7) of any metal ton. On this bas.s 
the low-molecular-weight gadolinium chelate. Gd-DTPA. was developed as the first c n,ca. MR. contrast 
agent even though its small retained fraction (usually less than 0.5%) is substant.ally more toxic than 
equivalent quantities of retained chromium, and chromium is cleared much more completely than is 
gadolinium. 



Supe rparamagnetic Compound 

One class of highly paramagnetic compounds is those in which each molecule includes multiple highly 
magnetic ions with parallel spin vectors. While such intramolecular paramagnetic coupling does not implay 
that macroscopic ferromagnetic behaviour will occur, it does imply that the resulting compound will be very 
strongly paramagnetic. Thus, such compounds are referred to as -superparamagnetic. 

A recent article by Bino et al.. "[Cr 4 S(0 2 CCH 3 ) 8 (H 2 0).]: Ferromagnetically Coupled Cr.S Cluster with 
Spin 6 Ground State", in the 9*6/88 issue of Science at page 1479, reported that the paramagnetic 
potency of chromium can be increased markediy-by-?eformulating it as an intramolecularly ferromag- 
netically coupled cluster of four coordinated chromium ions. Cr t S(0 2 CCH 3 )a(H 2 OK *. This new divalent 
chromium-organic complex cation has 12 unpaired electrons (1.7 times as many as gadolinium), and a 
magnetic spin of S = 6 (ground state). The effective magnetic moment of each Cr 3 atom in the molecule 
is increased due to stabilization of a coordination state which minimizes intramolecular ant.ferromagnet.sm. 

The Bino et al. article refers to using the disclosed cation as "spin label". (Spin labeling stud.es are 
normally in v7&o~studies.) The Bino et aL article also notes that the water ligands on the cat.on are 
potentially labile, so that the hydration sites would provide ligand bonding s.tes. 

This tetra-chromium-sulfur-acetate complex is very advantageous for use in formulating MRI contrast 
agents of high potency and low toxicity. However, its small molecular size would cause it to ^u'hbrate 
freely with the total extravascular (plasma + extracellular) water (as does Gd-DTPA). thereby reducing its 
potency and tumor selectivity. 



Transport Properties of Polymeric Carrier 



EP 0 361 960 A2 



The present application teaches that major advantages can be gained by'complexing or conjugating a 
superparamagnetic complex, such as CR4S(0 2 CCH3)8<H 2 0)** 2 . to polymeric or microsphere carriers which 
restrict its biodistribution, increase its selectivity of tumor localization, and amplify its proton relaxivity by 
slowing its rotational correlation time. 

The present inventor has disclosed, in earlier filings, a method for increasing both the chemical potency 
(proton relaxivity) and tumpr selectivity of paramagnetic contrast agents (including Gd-DTPA), by conjugat- 
ing them to water-soluble, biocompatible carbohydrate polymers (including dextrans). whose molecular size 
distribution ranges from just above the cutoff for filtration out of normal microvessels (ca. 15,000 Oaltons) to 
just below the cutoff for rapid renal clearance (ca. 45,000 Daltons). 



Optimal Size Range 

Selectivity of tumor uptake is conferred by the polymeric size, in conjunction with characteristic 
changes in microvascular surface properties and an increase in porosity of malignant tumor microvessels. 
*This allows the polymeric species (between 15,000 and 45,000 Daltons) to filter or become transported 
more efficiently out of microvessels into the extravascular compartment (tumor interstitium). Due to the low 
porosity of normal microvessels, polymeric contrast agents are not allowed to filter into the surrounding 
normal tissues. This property of selective partitioning by molecular size: 1) advantageously results in 
steeper contrast gradients and increased intensity differences between tumor and normal tissues, and 2) 
advantageously produces highly discrete identification of tumor margins. 



Endothelial Binding 

Tumor localization is also facilitated by the endothelial binding properties of polycarboxylatSd and 
polysulfated polyglucoses and polyols, including polyglycerols. (Simple polysaccharides will normally not 
adhere to the endothelial wall, unless the polysaccharide includes a charged surface group, such as sulfate, 
carboxyl. or dicarboxyl.) 

It is newly recognized in this filing that such endothelial binding is reversible and, moreover, the release 
of such bound materials occurs much more slowly from tumor microvascular endothelium than from the 
endothelium of normal tissues. Such prolonged binding at pathologic foci results in selectively accentuated 
uptake into the tumor interstitial gel proximal to sites of vascular endothelial binding. 

Transendothelial Migration 

Active endothelial transport has been demonstrated for small molecules (e.g:, glucose and insulin). 
However, no studies other those that of the present applicant are known to have~shown such transport for 
larger molecules, or for molecules carried in a cargo format. It is now known (from the present applicant's 
histologic studies) that transendothelial migration of particles and molecular aggregates (larger than ca. 2 
nm in diameter) can be accelerated by the application of appropriate surface coatings, preferably 
glycosaminoglycans or anionic polyglucoses or polyglycerols. (The glycosamtnoglycans preferably include 
heparin, heparin derivatives and heparin fragments, but may also include dermatan sulfate, chondroitin 
sulfate, and other nature or modified glycosaminoglycans. including semisynthetic carboxyiated 
glycosaminoglycans.) These surface coatings will bind multiply to receptors or antigens, which are either 
synthesized by endothelium or, although synthesized at other sites, become tightly associated with the 
endothelial surface. (See Ranney. 35 Biochem. Pharmacology 1063 (1986). which is hereby incorporated by 
reference). Such multiple binding typically involves complementary molecular interactions at more than 5 
binding sites per molecule, and preferably more than 10 sites per molecule, and is termed adhesion, 
surface adhesion, or bioadhesion. 

Following extravasation, these polymeric agents percolate through the tumor interstitial gel at a rate 
about 3 to 8 times slower than do small molecules, including Gd-DTPA. This causes the polymeric agents 
to be retained for prolonged intervals in the tumor interstitium (greater than 2.5 hours, as compared to about 
10-45 minutes for Gd-DTPA), and to remain ("stay put") preferentially in the viable (versus necrotic) 
subregions. These two properties: 1) allow the agent to be injected at earlier times before imaging (and 
hence allowing premedication outside the imaging room); 2) permit tumor-treatment effects to be monitored 
in responding tumor subregions at early post-treatment intervals (at about 6-30 hours); and 3) allow viable^ 
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and nonviable tumor to be distinguished at submillimeter resolution. This is because dead subreg.ons cease 
to perfuse (and hence cease to take in the image-enhancing agents), while viable subregions continue to 
perfuse and take up image-enhancing agent. Partially damaged subregions continue to perfuse, and, s.nce 
their microvessels typically have a still-further increased porosity (due to treatment-induced primary or 
s secondary vascular damage), they allow the larger species of polydisperse polymer (as well as the smaller 
ones) to extravasate into the tumor gel. Hence, the partially damaged and potentially recoverable sub- 
regions achieve the brightest image intensity, because they accumulate the greatest quantity of polymeric 
contrast-enhancing agent. 

A further new teaching of the present application is that these anion.c glycosam.noglycans, poly- 
io qlucoses and polyglycerols (and analogous compounds) undergo accentuated uptake by tumor cells, 
compared to the rate of uptake by normal cells in the same tissue region. This is based on the anion.c 
(negatively charged) nature of side groups present on the polyglucose carriers, which engage the ce u ar 
uptake receptors of the anionic transport channels (pores) which are typically induced in hepatocellular 
carcinomas (hepatomas). Such anionic transport channels have also been found in several other tumor 
,s types tested to date (by the present applicant and others). These same transport channels are relatively 
uninduced in the normal cell counterparts. This property of anionic small molecules and macromolecules 
facilitates active tumor-cell accumulation of the carrier polymer (and its bound ligands) in vivo. Th.s 
property is exploited, in the innovative method disclosed herein, to allow for prolonged tumor retention and 

20 ,ma9 The following list sets out some of the major advantages of polymeric MRI contrast agents, as 
exemplified by Gd-OTPA-dextran(40.000, 60,000, or 70.000 Dalton carrier size): 

1 Increased proton relaxivity. due to the slower rotational correlation time of polymeric versus small 
molecular formulation (about 4 to 7 times more T1 relaxivity than that of Gd-DTPA dimeglum.ne). 

2 Restricted biodistribution in vivo (in about 10% versus 35% of body water - due to improved 
25 retention of polymers versus small molecules in the plasma compartment of normal tissues). Th.s 

advantage in turn results in: 

a. a decreased dose of paramagnetic metal, and 

b decreased toxicity (due to decreased normal tissue uptake). 

3. Improved body and brain imaging, due to improved selectivity of tumor uptake. Th.s helps to allow 
30 detection and monitoring of very small tumors (1-2 mm 3 ). 

4. Improved image contrast gradient and magnitude at tumor margins. This too helps to allow 
detection and monitoring of very small tumors (1-2 mm 3 ). 

5. Prolonged tumor imaging enhancement (greater than 2* hours, versus 10-45 minutes for Gd-DTPA 
dimeglumine). This prolonged enhancement of the tumor image allows: 

35 a. patient premedication outside the imaging room (which helps to maximize utilization of the very 

expensive imaging equipment); and . 

b. acquisition of multiple sequential optimally contrast-enhanced images with different pulse 

parameters, and 

c. imaging of multiple body regions after a single dose of agent. 
40 6. Complete solubility. This provides the advantages of: 

a allowing rapid renal clearance (if less than 45,000 Daltons), and 

b avoiding acute uptake by normal liver (unlike Gd-DTPA, which undergoes acute hepatic uptake 
at about 5-45 minutes, thereby obscuring the visualization of liver tumors during optimal imaging intervals, 
especially when using T1 -weighted pulse sequences). 
■ 45 7. Lower osmolality at typical injection concentrations (e_g. about 285-330 mOsmols.per kg of water, 

at an injection concentration of 100 mg/ml). ■ 

8 Acute (20 to 30-hour post-treatment) monitoring of tumor responses can be performed in vivo at 
submillimeter resolution. This is not possible with low molecular weight agents such as Gd-DTPA, because 
of their very rapid percolation through the tumor gel, which obscures the functionally important living and 

so dead regions. 

9 Rapid conjugation, of multiple (e.g. 25 to 100) paramagnetic ions per protein molecule, can occur, 
to antibodies and to other proteins and peptides. (Some example include: lymphokines (including interleukm 
2)- cytokines (including tumor necrosis factor and interferons); and other biopharmaceutical agents.) Th.s 
conjugation occurs by linking the entire polymeric MRI contrast-enhancing agent to the antibody, protein, or 

ss peptide, using simple chemical reactions, such as Schiff-base and water-soluble carbodiimide reactions. 
This provides sufficient amplification (due to the paramagnetic or superparamagnetic signal effect) for the 
(polypeptide) protein molecule to be detected by MRI contrast enhancement, even at the very low tissue 
concentrations of protein which are typically achieved in tumor interstitium (about 1 to 2 m.cromolar). 
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It has previously been shown, by the present inventor as disclosed in a previous filing (International 
Application PCT/US88/01096), that IMFERONTM (which is a tightly bound, iron oxide-dextran complex of 
about 110,000 Daltons) achieves increased intramolecular paramagnetism (becomes superparamagetic), in 
a fasion similar to that of CuS^CCHhMHaO)* * 2 . This complex is injected into patients for the purpose of 
achieving controlled iron release, over intervals of days to weeks, in order to treat iron deficiency anemia. 
Although it has been injected intravenously into patients, this must be done by controlled rather than bolus 
infusion, due to the release of a small fraction of its ionic iron which has been associated with acute 
toxicities. Hence, IMFERONTM is usually administered intramuscularly. These problems, together with the 
requirements, in MR image enhancement, of rapid intravenous administration of relatively large doses of the 
contrast agent have precluded the effective use of IMFERONTM as an intravascular superparamagnetic 
contrast agent. However, this experimental evidence provides further confirmation that, as described below, 
metal coordinates of high potency and lower toxicity can be reformulated as polymeric agents(with a 
conjugation chemistry which is somewhat analogous to that of IMFERONTM). Such metal-coordinate- 
polymer agents can be administered for purposes of tumor-selective MR image enhancement or alter- 
natively to provide localized hysteresis superheating. 

The preferred embodiments preferably use a biodegradable, water-soluble polymer (synthetic or 
.derived from natural sources) which has repeating hydrophilic monomeric units (preferably carbohydrate or 
sugar residues) with a high frequency of hydroxy! (and/or, in certain embodiments, amino or sulfate) side 
groups. This polymer also includes additional charged functional groups, (complexing, chelating, or 
coordinate-forming functional groups), which may include (but are not limited to): amine; quaternary 
ammonium or other reactive nitrogen group; hydroxyl; carbonyl; aldehyde; carboxy; polycarboxy; sulfhydryl; 
sulfate; sulfonium; phosphate; polyphosphate; phosphonium; or other homo- or heteroanions. These 
charged (or chelating or coordinate-forming) functional groups have a formation constant for divalent or 
trivalent metal cations (or for the organo-metallic complexes which contain these divalent or trivalent metal 
catios) of at least about 108 (and typically more) at physiological temperature and pH. The conjugation of 
chelating groups to the polymer (or to form the copolymer) is carried out under chemical conditions and in 
a solvent which yields a completely soluble (singlet) form of the carrier and avoids significant contamination 
by microaggregates. The molar ratio of chelating agent/monomeric unit is preferably between about 1/5 and 
about 1/25. The molar ratio of chelating agent/monomeric unit is preferably between about 1/5 and about 
1/25. This image-enhancing agent is biodegradable to intermediary metabolites, rapidly excretable chelates, 
polymers, oligomers, monomers or combinations thereof, all of which have low toxicity and are cleared 
overwhelmingly by the renal route. The term "low toxicity" used herein means having little significant toxic 
effects at usable dosages of the image-enhancing agents. 



Use of Microaggregate qr Microparticulate Carrier 

In one class of embodiments, the polymeric carrier is used in the form of microspheres. As discussed 
above, these microspheres have been found (when appropriately surfaced with sites complementary to 
endothelial determinants) to transport through the more porous parts of the endothelium walls with high 
preference. This is particularly advantageous in transporting a relatively high dose of the desired substance 
into the abnormal tissue ceils. 

Such a microsphere is most preferably between 0.2 and 250 micron in diameter. The matrix of the 
microsphere is preferably a carbohydrate, and may be a carbohydrate such as heparin which also has 
multivalent binding capabilities. Dextran can also be used, and can also be coated with a multivalent binding 
agent such as heparin. Such a microsphere carbohydrate matrix can optionally include, as a multivalent 
binding agent, an exposed or covert lectin (or peptide, polypeptide, or drug substance) which is capable of 
binding endothelial surface determinants, enzymes, epiendothelial or subendothelial substances. (Note that 
the microsphere matrix may be coated with such a binding substance.) 

In such embodiments, the microspheres of the novel material disclosed herein will bind to endothelia (or 
to epithelia dn their closely associated extracellular structures), with preference (and longer residence times) 
in the vicinity of tumors (or other biological lesions if desired). This preferential binding leads to preferential 
induction, since a bound microsphere may be totally or partially enveloped in, for example, less than 10 to 
15 minutes. The interaction of the preferred microspheres with endothelia may produce an induction of the 
endothelia to undergo transient separation or opening. The opening of the endothelia exposes underlying 
substances to which (ideally) binding may occur. 

The present application provides improved methods and compositions of matter for the selective tumor 
localization of ferromagnetically coupled image-enhancing agents, contrast agent or spectral shift agents. 
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This permits improved acquisition of tumor, tissue or organ images or spectra from live animals by nuclear 
magnetic resonance imaging or spectroscopy. 

s Additional Novel Compositions of Matter 

It should be noted that the present application describes not only a number of novel methods, but also 
a number of novel compositions of matter, as set forth in greater detail below. 

• One novel teaching of the invention involves use of (I) a ferromagnetically coupled, multiply paramag- 
w netic ion cluster -(hereafter also designated the "superparamagnetic complex") which is multiply associated, 
by complexation (including ion pairing) or covalent conjugation, with (II)- a soluble, hydroph.lic. biocom- 
patible excretable polymeric carrier, comprising repeating hydrophilic monomenc umts, or w.th (III) 
monomeric or oligomeric subunits of the final polymer, which, when combined with the paramagnetic ion 
cluster associates with this cluster to form an "in-chain" heteropolymer. and wherein the polymer or 
,s polymer subunits (either derived from natural sources of synthetic) have repeating monomeric units with a 
high frequency of hydroxyl. carbonyl. aldehyde, carboxyl, sulfate, sulfonate, sulfonium. phosphate, 
phosphonate. phosphonium. amine, amino, or quaternary ammonium groups, singly or in combination on 
the polymer and the polymer has a molecular diameter of less than about 12 nanometers, and contams 
less than about 5% (w/w) cross-linked or microaggregated species, all of low toxicity. The latter groups are 
20 for the purposes of either noncovalently binding the superparamagnetic complex or binding to target 
(including tumor) microvascular endothelium, or binding to both of the preceding entities. 

The polymeric agent may optionally be formulated using an excipient counterion to ach.eve charge 
balance. Such excipient agents may include, for example, organic amines, preferably includ.ng N-methyl- 

qlucamine (meglumine). ^^u^^iu, 
The superparamagnetic complex of the primary preferred embodiments uses a central tetrahedrally 
coordinated sulfur atom, surrounded by four octahedrally coordinated Chromium atoms, which are stabilized 
by bridging ligands (which join pairs of Cr atoms). In the embodiment of Example 10, eight bndgmg ligands 
are used, and they are all acetate groups. However, in other embodiments, other bridging ligands. and/or a 
different number of bridging ligands. may be used. 
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Alternative Carrier Compositions 

The polymers most preferably used are heparin (or heparan sulfate). DTPA-hydroxyethyl-starch (DTPA- 
HES) or DTPA-dextran. However, of course, a large variety of other carrier polymers could be used instead. 
Note 'that the preferred polymer molecules are hydrophilic, which is required to provide the necessary 

environment for reliable NMR results. 

Some of the other preferred polymer species include other dextrans, dextran sulfate, dextran carbox- 
ylate dermatan sulfate, chondroitin sulfate, pentosan polysulfate hydroxyethyl starch, carboxylated hydrox- 
vethyl starch or CARBETIMERTM, carboxylated hydroxyethyl starch, and carboxylated dextrans m wh.ch the 
carboxylating groups consist essentially of multiple closely spaced carboxylates which are thereby capab e 
of undergoing chelation-type or coordination-type binding with divalent or trivalent metal ions, or with 
polyatomic organometallic complex structures which include these metal .ons. 

The locations of the charged group in the polymer can be readily mod.f.ed. by methods well known to 
those skilted in the art. e.g. by introducing succinylate or glutarylate groups to extend the charge .on groups 
out from the polymer bSied structure. Thus, where it is desired to increase the aff.mty of the polyatomic 
unit being transported for the polymeric carrier molecule, the conformation of the polymer can optionally be 
modified in this fashion to achieve a better fit. 

Alternative Bridging Ligands in a Superparamagnetic Complex 

The bridging ligands in the superparamagnetic complex need not be limited to acetate groups A wide 
variety of organocarboxylates may be used. Some examples of alternative bridging ligands include: formate: 
55 formaldehyde; glutaraldehyde; glycinate; succinate; acetylacetonate; malonate; propionate; glutarate: 
hydroxamate' oxalate; 2-bromoacetate; 2-sulfoethanoate. thiolacetate; and thioglycolate. 



so 
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Use of Reactive Bridging Ligands 

The embodiment described below, which includes at least some glycinates as bridging ligands, has the 
advantage that the glycinates contain sites which can assist in binding. Thus, a further secondary teaching 
is that the bridging ligand should contain a charged and/or activatable site. 



Alternative Paramagnetic Species 

The paramagnetic ion which is used in the superparamagnetic complex is most preferably chromium, 
but may alternatively be one or more of the following species: iron, nickel, manganese, cobalt, vanadium, 
molybdenum, tungsten, copper, platinum (particularly l9S Pt), erbium, gadolinium, europium, dysprosium and 
holmium. 



Alternative Stabilizing Anions 

The superparamagnetic complex Cr4S(0 2 CCH 3 ) 8 is preferably stabilized with water, so that the full 
formula of this complex cation is Cr4S(0 2 CCH 3 )8(H 2 0)/ 2 . However, other stabilizing species can be used, 
such as sulfate, halide, nitrate, or other stabilizing anions. (Note that some of these anions will be displaced 
when the complex binds to the endothelia or epithelia.) 



Additional Novel Methods 

The present application also sets forth a generally applicable method for selective transport of a desired 
small polyatomic structure into tumors, or other regions of enhanced vascular porosity. Note that these 
novel teachings can be applied not only to the method of magnetic resonance imaging described, but also 
to a tremendous variety of other diagnostic and therapeutic uses. 



improved Hyperthermia Methods 

The present application also provides improved methods for the selective tumor or tumor-cell localiza- 
tion of hyperthermia agents. The present application also provides a method for inducing selective 
hyperthermia in tumors or tumor cells, with reduced damage to healthy tissue, by microwave hysteresis 
superheating of turn or- localized agents. In this class of embodiments, the fraction of hyperthermia agents 
which has not localized in abnormal tissue is not likely to induce other localized hyperthermia, since almost 
all of this remaining fractions will be on or very close to blood vessel walls, i.e. will be located in regions 
which are efficiently cooled. * 

For example, one disclosed embodiment uses the selective transport mechanism to provide selectively 
localized hysteresis heating. In this embodiment, polymer-encapsulated transportation of superparamagnetic 
substances is used to achieve selective deposition in tumorous tissue. The high density of paramagnetic 
material in the tumorous tissue results in a greatly enhanced cross section for absorbing RF energy. 
Therefore, when RF energy is applied to induce heating, the tumorous regions will be preferentially heated, 
as is desired. Thus, the cancerous cells can be harmed with minimal damage to healthy tissue; 

Similarly, the novel selective transport method disclosed can also be used to transport substances 
which will intensify X-ray. radionuclide, or ultrasonic imaging. 



Improved Therapeutic Methods 

In a further alternative class of embodiments, the disclosed novel transport methods can be used to 
preferentially transport chemotherapeutic substances into a tumor, as described below. 

BRIEF DESCRIPTION OF THE DRAWING 
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The present invention will be described with reference to the accompanying drawings which show 
important sample embodiments of the invention and which are incorporated in the specification hereof by 

reference.jjierem^ ^ perspective view of a sa mple superparamagnetic complex which can be used in 

one embodiment of the disclosed method. ... •» m« the 

Figure 2 schematically shows a nuclear magnetic resonance .mag.ng system suitable for use in the 

disclosed innovative method. • ^m^ii-i tn . 

Figure 3 is a schematic representation of the transport of microspheres entirely across endothelial (or 

epithelial tissue.^ ^ phQtograph Qf gtajned tjgsuQ showing localization of nanospheres. the nanospheres. at 
the scale of this photograph, appear as small gray round or oval dots of 1 to 2 urn in d.ameter. 

Figures 5A-5E show infrared data pertinent to the fabrication of a further alternate superparamag- 
netic complex, which can be used instead of that shown in Figure 1. _ 

Figure 5A shows an infrared spectrum trace for the reaction products where Cr t S(0 2 CCH 3 ) 8 was 

heated with glycine in water at 92 C. , , . . 1U i • ~ ~ 

Figure 5B shows a trace for the reaction products where CrfNOah was heated w.th glycine in water 

^ 92 Figure 5C shows a trace for the reaction products where Cr*S(Ac) 8 was refluxed in acetic anhydride 

for severals. , . . . 

Figure 5D shows a trace for Cr*S(Ac) 8 alone (which has a blue or green color), and 

Figure 5E shows a trace for glycine alone. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The numerous innovative teachings of the present application, will be described with particular reference 
to the presently preferred embodiment, wherein these innovative teachings are advantageous y aPP>'^ to 
the particular problems of NMR imaging by selective transport of superparamagnetic small ™ ecules. 
However, it should be understood that this embodiment is only one example of the many advantageous 
uses of the innovative teachings herein. For example, the various types of .nnovafave methods d.sclosecl 
herein can optionally be used to transport acoustic image enhancers, or therapeut.c substances In general, 
statements made in the specification of the present application do not necessarily de.im.t any. of the vanous 
claimed inventions. Moreover, some statements may apply to some inventive features but not to o hers. 

Rqure 2 shows an example of a nuclear magnetic resonance imaging (MRI) un.t. useable for whole- 
body imaging of human patients. A patient 240 is inserted, on a sliding table 230. into the in^or of a i large 
solenoidal wading 210. The large coils 210 (which may be water-cooled or super conducting 
constant (DC) magnetic field, typically 0.5 to 1 Tesla. (This field component .s referred to as the Bo fieldO 
Bias coils 220 apply a gradient to this field, as described above. Finally, a probe coil (wh.ch ,s movable, and 
is not shown in this Figure) is used to apply the RF pulses described above. Differently shaped probe co. s 
are used for imaging different parts of the body, and the probe coil is often shaped so that rtw.ll nearly fit to 
the shape of the surface of the area to be imaged. 

The present invention provides an improved NMR imaging method, whereby the .ability of NMR 
systems to detect tumors is greatly enhanced. This is accomplished by selectively introducing an image- 
enhancinq, spectral shift responsive agent into the abnormal tissue. 

One novel teaching of the invention involves use of (I) a ferro-magneticaily coupled, mult-ply paramag- 
netic ion cluster (hereafter also designated the "superparamagnetic complex") which is multiply associated 
by completion including ion pairing), coordination, or covalent conjugation: with (I.) a ?*^ h ^ h 'Jj; 
biocompatible, excretable polymeric carrier, comprising repeating hydrophH.c ^enc un ts^ w h («0 
monomeric or oligomeric subunits of the final polymer, which when combined w,th the paramagnet.c -on 
cluster associates with this cluster to form an ~,n-chain" heteropolymer, and wherein the polyme or 
polymer subunits (either derived from natural sources of synthetic) have repeating monomer.c units ^wrth , a 
high frequency of hydroxyl. carboxyl, carbonyl. aldehyde, sulfate, sulfonate sulfonium. Phosphate 
phosphonate. phosphonium. amine, amino, or quaternary ammonium groups singly or ,n combination on 
ttie polymer- and the polymer has a molecular diameter of less than about 12 nanomete s. and contams 
Ssma'n about 5% (w/w) cross-linked or microaggregated species, all of low toxicity. The latter gr oups are 
for the purposes of either noncovalently binding the superparamagnet.c complex or binding to target 
(including tumor) microvascular endothelium, or binding to both of the preceding entities The Polygene 
agent may be formulated using an excipient counterion to achieve charge balance, wh.ch may mc.ude 
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organic amines, preferably including N-methylgfucamine (meglumine). -Preferred polymers include heparin, 
heparan sulfate, dextrans, dextran sulfate, dextran carboxylate, dermatan sulfate, chondroitin sulfate, 
pentosan polysulfate, hydroxyethyl starch, carboxy|ated hydroxyethyl starch or CARBETIMERTM, and 
especially heparin, carboxylated hydroxyethyl starch and carboxylated dextrans in which the carboxylating 
5 groups consist essentially of multiple closely spaced carboxylates which are thereby capable of undergoing 
chelation-type or coordination-type binding with divalent or trivalent metal ions, or with polyatomic or- 
ganometallic complex structures which include these metal ions. 

The ferromagnetically coupled paramagnetic complex includes a molecular coordination compound 
containing a paramagnetic metal ion present in numbers of two or more per molecular coordinate, wherein 
10 the paramagnetic metal ion includes one or more of the following: chromium, iron, nickel, manganese, 
cobalt, vanadium, molybdenum, tungsten, copper, platinum (particularly 195 Pt), erbium, gadolinium, 
europium, dysprosium or holmium; and the coordinated metal ions are stabilized in a ferromagnetic or 
superparamagnetic intramolecular complex configuration by an external complexing substance. The pre- 
ferred metal ions include chromium and gadolinium, and the preferred external complexing substances 
is includes organosulfates and their derivatives, carboxylic acids, and especially acetate ions. The molecular 
coordinate may also include a central multivalent stabilizing ion or. element, in which case the preferred 
element includes sulfur. The ferromagnetically coupled, paramagnetic complex (superparamagnetic com- 
plex) preferably has a net nuclear spin of greater than about 3/2 and has more than about 7 unpaired 
electrons. It has labile water groups and a net electrical charge, or reactive groups or combining sites which 
20 allow it to chemically associate, covalently or noncovalently with the carrier polymer. 

In operation, time-domain windowing may be performed in the NMR imaging run. so that the atoms with 
the shortest relaxation times are seen preferentially. Alternatively, a high pulse repetition rate may be used, 
so that the tissues with the longest relaxation times are kept in saturation. 

One preferred group of features of the complex for chemical association includes carboxylate. oxygen, 
25 metal (especially chromium "hydroxide") glycine amine, and net cationic (positive) charge. 

One preferred embodiment involves providing the superparamagnetic coordinate Cr4$(0 2 CCH 3 ) 8 (H 2 0)- 
4 2 as a noncovalent complex with heparin of about 22,000 Daltons. wherein the superparamagnetic 
coordinate binds via its cationic charges to the negatively charged sulfate groups of heparin at a molar ratio 
of about 1 superparamagnetic coordinate to every 2 to 25 monomeric units of the heparin and ail or part (or 
30 none) of the excess free sulfate groups are balanced by ion pairing with N-methylglucamine. An alternative 
preferred embodiment includes an analogous formulation, wherein the superparamagnetic coordinate is 
complexed with low-molecular-weight hydroxyethyl starch (of less than about 50,000 Daltons) which also 
carries covalently bound diethylenetriamine pentaacetic acid (DTPA) side groups at a molar ratio of about 1 
side group for every 5 to 25 monomeric units. Another alternative preferred embodiment includes an 
35 analogous formulation, wherein the superparamagnetic coordinate is complexed with dextran of 40,000 or 
60,000 Daltons, which also carries covalently bound diethylenetriamine pentaacetic acid (DTPA) side groups 
at a molar ratio of about 1 side group for every 5 to 25 monomeric units. In alternative preferred 
embodiments of this class, the superparamagnetic complex binds to the sulfate groups of dextran sulfate or 
pentosan polysulfate. 

40 The heparin superparamagnetic paired-ion complexes just described, are preferred for selective uptake 
by lung, lung tumors and other lung lesions, for MR image enhancement, or hysteresis hyperthermia, 
following intravenous injection, or for uptake by solid tumors and other focal disease following selective 
arterial administration. Lung uptake can be increased by leaving a sufficient fraction of heparin's sulfate 
groups, preferably greater than 30%, unbalanced by counterions. Lung uptake can be reduced and 

45 systemic access increased by balancing more completely the negative sulfate groups of heparin with either 
or both of the superparamagnetic complex or the excipient counterion, including N-methylglucamine. 

The DTPA-dextran and DTPA-hydrbxyethylstarch (DTPA-HES) complexes with the superparamagnetic 
substance just described are preferred for selective uptake, MR image enhancement, or hysteresis 
hyperthermia at systemically distributed sites of disease, including tumors, when administered by either 

so intravenous or intraaterial injection. This is based on reduced lung clearance of the less acidic carboxylic 
acid (versus sulfate) side groups, which reduces binding to normal (versus lesional, including tumor) 
endothelium. It is also based on the lower degree of molecular complementarity of DTPA-dextran and 
DTPA-HES polymers with their endothelial binding substituents. which comprise heparan sulfates. 

A second preferred embodiment involves providing the superparamagnetic coordinate, CrAS(0 2 CCH 3 ) 8 - 

55 (H 2 0)* 2 , as a covaient complex with a biocompatible water-soluble excretable carbohydrate polymer, 
especially dextran of about 40.000 or 60,000 Daltons. or to hydroxyethyl starch of less than about 50,000 
Daltons, wherein the superparamagnetic coordinate binds via a metal oxide bond fo chromium to the 
hydroxyl groups of dextran or hydroxyethyl starch at a molar ratio of about 1 superparamagnetic coordinate 
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to every 2 to 25 monomeric units of the carbohydrate. An alternative preferred embod.ment includes an 
analogous covalent conjugate of Cr»S(0 2 CCH 3 ) 8 (H 2 0). » to carboxy.ated carbohydrate polymers, espe- 
Sy to DTPA-dextran of about 40.000 or 60.000 Daltons. or to DTPA-hydroxyethyl starch of less than 
about 50.000 Daltons. wherein the superparamagnetic coordinate binds via a metal-oxide bond of chromium 
to the carboxyl oxygen of the DTPA side groups on the polymer. hotan „ a frrtm the 

in certain instances, it may be preferable to separate the bound superparamagnefc substance from the 
polymeric carrier, using a linker which has a chain length of preferably between abou d arbon - 
atoms This may be desirable under circumstances in which a) the superparamagnetoc substance is a bulky 
molecule, or b) it is important to stabilize the bond between the polymer and the linker against lysis 
including hydrolysis and esterolysis. which may in unusual cases, be catalyzed by a substituent of the 

SUP !n P !n a Tlter^ a method of modifying the spatial relation of the magnetic substance to 

carboxylated carbohydrate polymers, is specified. This alternative method involves deriving the » carbphy-. 
drate polymer with a higher Afunctional acid, including preferably succin.c acd. to form a succinyla ed. 
polymer with a .4-carbon spacer between the polymer and the superparamagnetic to be conjugated to the 
polymer via the free carboxylate group of each succininate linker. 

Although the preceding preferred methods of conjugation have focused on ester and carboxylate 
linkages, other linkers =are not excluded, and in some cases may be preferred. These mclude aldehyde, 
amine, amide, carbodiimide, halogen-activated carbohydrate groups, and combinations thereof. 

A third preferred embodiment involves providing a physical microsphere or nanosphere form of he 
preceding agents in which the diameter of the spheres ranges from 0.1 to 250 ^ 
particles are preferably formed from their paired, polymer-superparamagnetic .on complexes or from simple 
mixtures Of the polymer and the substance to be entrapped. Matrix polymers and exc.pients preferably 
comprise 50-75% of the particle weight. The particles are prepared preferably by phase emulsif cation (for 
larger ones) or high-pressure homogenization (for smaller ones), followed by heat or chemical stab izat.on 
of the polymer matrix, and extraction of the oil phase with an organic solvent, including acetone ether or 
hexane preferably acetones which may also contain a small quantity of biocompafble detergent for surface 
stSZZT^Lblv Tween 80 (or deoxycholate) at about 0.05 to 0.5% (w/w). Smaller parfcles are 
Prfvded by high pressure- homogenization. The degree of heat or chemical stabilizator, will Preferably 
determine how long the particle retains its physical form following rehydration for m v,vo adm.n,strat.on and 
will also determine how rapidly the internally entrapped superparamagnetic substance .s made avartable. 
hydrated. exposed or released, in order that it can modify the biochemical envronment of the > plasma, 
extracellular matrix (or matrix water), or intracellular cytoplasmic substituents (or water). Preferably heat 
stabilization of carbohydrate matrices is performed for about 30 seconds to 5 minutes m order to render 
the matrix sufficiently stabilized that the entrapped material becomes chemically exposed over an interval 0 f 
about 15 minutes to 30 hours. For both the induction of MRI contrast and the amplication of hysteresis 
heating the t„ for release of entrapped agent occurs preferably within about 15-20 minutes of mject-on 
although under certain circumstances, particularly those involving the monitoring of control e pleased rugs 
from selectively localized microcarriers, this t,» may be considerably longer. Also, for MRI con ast 
enhancement, the entrapped materia, must be hydrated (released) in order to affect ™^g diffusible 
water protons, whereas, for hysteresis heating, the entrapped matenal need not be released at all. but can 
function while still entrapped, providing that the macrodomain size of an average »f»*^*"*° 
deposit within the particle is sufficiently large for efficient hysteresis to occur, preferably '«^J^?°* 
0 5 micron Otherwise, release of entrapped substituent with subsequent reconcentration by extracellular 
matrix binding or cellular processes, is preferred in order to achieve an efficient hysteres.s response m the 

tiSSU The smaller particle sizes (of less than 3 micrometers, and especially less than 0.8 micron) are prefered 
for systemic administration by intravenous injection and for selective artenal administration into critical I end- 
arterial circulations. The larger particle sizes of greater than 5 micrometers, and especially greater than 100 
micrometers are preferred for chemoembolization of selected organs with blood supplies, including 
especially the liver, by selective arterial administration, and for introduction mechanically, d.rectly .nto tumor 

masses or body cavities. f h , 

The acute enhancement of blood flow (or perfusion) images, for example in the heart of cerebral 
vessels, may be accomplished with the soluble polymeric image-enhancing agents and is even more 
efficiently performed with the nanosphere and microsphere forms. 

A significant advantage of MRI enhancement with polymeric, nanosphere and microsphere super- 
paramagnetic substance, is a further reduction of the dose and any. potential toxicity over that wh.ch can be 
achieved by simple (low molecular weight) superparamagnetic substances alone. 
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The relatively rapid biodegradation and metal clearance times, and the resultant shorter reimaging 
intervals are particular advantages involved with the present invention relative to other polymeric and 
particulate metal oxides, chelates and complexes. 

The image-enhancing agents of the present invention, in soluble or microsphere form, are readily 
reconstituted for animal and patient administration. This reconstitution involves a simple vortex-type mixing, 
as contrasted with the sonication in detergents used for protein-based microspheres. 

The image-enhancing agents of the present invention are easily usable in any MRI detection system 
involving administration of paramagnetic or ferromagnetic contrast agents. It has particular advantages in 
conjunction with the newer rapid RF pulse sequences, which reduce native tissue contrast in order to 
shorten image acquisition times and increase patient throughput. The image or spectral enhancing agents of 
the present invention allow shorter image acquisition times for satisfactory internal resolutions. These times 
are generally adequate to produce satisfactory internal images because of the greater enhancement and 
image contrast produced per unit of superparamagnetic and total agent. 

The potential for selective localization of large numbers of relatively nontoxic superparamagnetic 
molecules by small number of monoclonal antibodies, nonpeptide and peptide hormones, lymphokines, 
cytokines, and other receptor-binding substances tagged with one or more of the innovative (and preferably 
polymeric) image-enhancing agents is contemplated as a major diagnostic advancement for future use. 

The potential for selective localization of large numbers of relatively nontoxic superparamagnetic 
molecules by small numbers of carrier polymers, nanospheres or microspheres is contemplated as a major 
therapeutic advantage for future use in conjunction with hyperthermia augmentation by hysteresis heating 
and delivery and monitoring of tagged therapeutic agent localization in sites of disease. 

Because of the high MRI cpntrast conferred by these superparamagnetic substances and the substan- 
tial prolongation of lesional residence times, use of the present image-enhancing agents will allow an 
increased number of serial images to be obtained in an enhancement mode after a single administration of 
agent. 

Due to the selective retention of the carriers used to formulate the present image-enhancing agents, 
superior definition of tumor margins and markedly improved discrimination of viable and nonviable tumor 
subregions is possible. This has the major advantage of allowing tumor responses to chemotherapy and 
radiation therapy to be monitored at early posttreatment times and submillimeter resolution, several weeks 
before small tumor nodules would regrow to volumes detectible by computerized axial tomography (CAT) 
and radionuclide scanning. 

From a chemical standpoint, some advantages of the present invention may be summarized as follows. 
When MR image-enhancing agents comprise superparamagnetics, each superparamagnetic substance 
exhibits an increased relaxivity for adjacent magnetic nuclei (e.g.. protons) and hence, gives greater T1 
signal enhancement. This increased relaxivity is related to an increased dipolar correlation time of the 
superparamagnetic substance due to its slower molecular rotation when polymerically controlled. Spacer 
groups are not required between the superparamagnetic substance and the polymeric carrier in order to 
obtain optimal paramagnetic relaxation potencies, however, they could be introduced if deemed advanta- 
geous for other purposes. 

The chemically defined nature of preferred chelator-polymer combinations allows ready batch-to-batch 
uniformity for improved pharmaceutical formulations and a likely greater ease of regulatory approval. 

Many of the preferred polymers of the present invention, such as certain dextrans (40.000 and 70.000 
MW forms), hydroxyethyl starch, and heparin, for example, have already separately achieved final regula- 
tory approval for patient administration. The size of these polymers is optimized to prevent access into 
normal tissues, but to still allow rapid renal clearance and essentially complete body clearance. Also, due to 
the association of multiple, potent superparamagnetic substances with each polymer molecule, the resulting 
complexes and conjugates comprise low osmolality agents by comparison to their low-molecular weight 
counterparts. Such low osmolality agents have been shown to have major advantages in several categories 
of high-risk (particularly cardiovascular) patients. 

For parenteral administration, these agents are preferably formulated as a sterile, physiologically 
balanced, aqueous solution (or suspension), whose pH for purposes of intravenous administration is 6.5 to 
7,0. Alternatively, these agents may be lyophilized and provided in the dried form for reconstitution in 
physiologic solutions just prior to administration. For injection into body cavities (such as the bladder, 
uterus. Fallopian tubes, nasal sinuses or ventriculo-cerebrospinal system), these agent may be formulated 
as a physiological solution (or suspension) which contains additional substances (excipients) to increase th 
viscosity or osmolality. Other additives and formulations may also be incorporated according to standard 
pharmaceutical procedures. 

For parenteral administration, the concentration, of total active agent (polymer-superparamagnetic 
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substance) will be between about 0.1% and 30% (weight/volume), typically between about 5/o and 25 A, 
TfvetraZv about 20%. Doses of the soluble polymer, nanosphere and microsphere agents will vary 
S^^tl^pS««n^jnedc substance used and the route of administration. The following doses 
ar ate ?£• intravenous administration. For tumor image enhancement with some of the preferred 

s rmb^iiments wNch include soluble Cr*S(0 2 CCH 3 ) 8 (HaO)/^ complexed to DTPA-hydroxyethyl starch 
O^Slns heparin, the dose of chromium (and sulfur, will be between about 0.005 and 0 Q25 
SET per kHdgram of body weight, with optimal image enhancement occurring at or below about 0.01 
^ pe Sam. FFFor enhancement of the cardiovascular blood pool, the optima, ^se of preferred 

sduble aaents will occur at or below about 0.04 and 0.02 millimoles of superparamagnetic per k.logram. 

,o ^r^ZZ^Lg. the nanosphere or microsphere forms of agents wi.l be -"'"^ ™ " 
multiply. It about 15 minutes to 2 hours prior to each treatment by either system.c ^venous -nation 
^administration into superficial tumors, or by intraarterial perfusion, at doses of - up to 1_0 mmoUkg ot 
the superparamagnetic substance. Hysteresis hyperthermia at a frequency of about 10 to 150 .M* will be 
Tected from an external oscillating magnetic source whose maximal energy d.splacement ^centered over 

,5 fh mat elrnat or imageable mass(es) of tumor. A major anticipated advantage of usmg the nanosphere 
or Sphlre form of preferred embodiment, is that a high concentration of clustered (macrodomain) 
meta s sefeTtivey localized in the diseased subregions of the target tissue following transvascular 
admi i raio T^d" this localized materia, further concentrates in the viable, most heav.ly perfused 
subreXs of tumor which require the greatest augmentation of heating to compensate for the.r d.spropor- 

20 tionate loss of heat due to blood flow dissipation. 

Figure 3 schemaScaiiy shows ho„ the trans-epitheiial transport 0 m«^ph«. t «o*s. A «. blood 
vessel 310 is shown passing through tissue 320. Four microspheres (or nanospheres) 301. 302. 303. and 

304 2£££S? ha"s fS y °'adS*,o the endothetia, 3, 1. Thus, this microsphere is said ,o he 

25 " T«Z * endotheiia, ,nve to pment This wil, occur after a ,ew minutes, as the 

wall 31 1 Gradually covers a particle (like microsphere 301) which has adhered to it. 

Microsphere 303 is shown at the further stage of extravasation, after envelopment has passed ,t entirely 
across the endothelial (or epithelial) wall 31 1 
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Finallv microsphere 304 is shown at yet a further stage, of percolation through tissue. 
Rcu e 4 s a pJo ograph of stained tissue showing lung localization of heparin-coated subembol.zmg 
(0 10 8 micron) nanospheres distributed throughout rodent lung tissue at 5 minutes after intravenous 
injection via the tail vein. The nanospheres. at the scale of this photograph, appear as small gray round or 
oval dots of 1 to 2 mm in diameter. . 

The foMowing examples are presented to illustrate preferred embodiments of the present invention and 
thei/use in MR imaging or hysteresis heating. These examples are purely il.ustrative. and do not ,n any 
way delimit the full scope of the present invention. 
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EXAMPLE 1 



PREPARATION OF DTPA-DEXTRANS 



The cvclic dianhydride of DTPA (diethylenetriamine pentaacetic acid), as prepared by the method of 
Ecke^man e a. (J- Pharm. Sci. V 64. PP 704-706 (1975). was obtained in a high.y pure form from 
CaSochem^Bhe-ring Corp. The completely soluble DTPA derivative of dextran was prepared by adding 7* 
,n n ! TvcTc DTPA dianhydride stepwise to 1.72 g of Dextran T70 (average MW 70.000 Daltons. M N 
50 ^pSSLS^Si in a reaction solvent comprising HEPES buffer 115 J^"™ 
oH 7 0 to 8 0 The reaction was carried out with vigorous stirring at ambient temperatures for 1 hr with 

readjustment to pH 7.0 using NaOH. after the addition of each aliquot of DTPA dianhydr.de. 

^Tal^DTPA product was separated from unconjugated DTPA by dialysis against 200 volumes fo 
S5 0. 1 5 N NaCI and then'so vo.umes of distilled water at pH 6^5. This and the folic .wing step ^are ma,or 
improvements over the derealization method previously filed by the present inventor. (See U.S. Patent 
AppSns 799.757 and 086.692, and PCT Application PCT/US86/02479. which are hereby incorporated 
Off ence ) Upon completion of dialysis, the conjugate was brought, again to 115 mg/l00cc in HEPES 
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buffer, and reacted a second time with an identical quantity of DTPA dianhydride as described above. After 
this, the dialysis was repeated as described above. 

As assessed by molecular filtration, 98% of the dextran-DTPA product had a molecular weight of less 
than 100,000 Daltons. The dilute solution of DTPA-dextran was either: a) concentrated to between 10% and 

5 25% (w/v) by forced filtered-air evaporation at room temperature, or b) lyophilized to dryness for prolonged 
shelf storage. Concentrated salts and buffers were added as needed, to render the final preparations 
physiologically acceptable for injection. The pH was maintained between 6.5 and 7.0. As assayed by 
complexometric titration, one ligand of DTPA was conjugated for every 7 sugar residues, for a total of 55.5 
DTPAs per 389 glucose units in each average molecule. 

w Two other soluble DTPA-dextran derivatives were synthesized from dextrans of starting molecular 
weights = 10.000 Daltons (Dextran T10, Pharmacia Chemicals) and 40,000 Daltons (Dextran T40, Phar- 
macia Chemicals). All of the preceding dextrans were soluble and free of microaggregates. as assessed by 
filtration through serial molecular sieve filters (Amicon Corporation). 

ts 

EXAMPLE 2 



2 ° PREPARATION OF DTPA-HYDROXY ETHYL STARCH 



Low-molecular-weight hydroxyethyl starch is obtained in a highly pure and soluble form from American 
Critical Care/DuPont. reacted with the cyclic dianhydride of DTPA, and the polymeric derivative separated, 
25 concentrated and titrated as described in EXAMPLE 1. 
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EXAMPLE 3 



PREPARATION OF SUCCINYLATED-DEXTRANS 



35 Succinyl anhydride is obtained in a highly pure form from Aldrich Chemicals, and reacted with dextrans 
of 40.000 MW and 70,000 MW. and the polymeric derivative separated, concentrated and titrated as 
. described in EXAMPLE 1. 



4 ° . EXAMPLE 4 



PREPARATION OF THE PAIRED-ION METAL CO-ORDINATE-POLYMER COMPLEX CISPLATIN-DTPA-DEX- 
45 TRAN (70.000 MW) '. ' \ : 



Lyophilized DTPA-dextran (70.000 MW), prepared as in Example 1, was dissolved in 1.4 cc of sterile 
water, heated for 30 seconds for swirling in a boiling water bath, added (hot) to 70 mg of PlatinolTM powder 

so (containing 3.33 mg of cisplatin, Pt(NH 3 )2-CI 2 with the remaining weight comprising excipients; Bristol 
Laboratories), the solution vortexed vigorously for 30 seconds to dissolve the PlatinolTM + excipients, and 
the resulting solution cooled to room temperature and checked for complete solubility at 2.4 mg/ml. 
Formation of a stable paired-ion complex between the platinum coordinate and the carboxyl groups bound 
to dextran, was established by three tests: a) continued solubility of cisplatin at a concentration greater than 

55 its native solubility limit of 1 .5 mg/cc; b) reduction in the complexation of exogenousiy added calcium ions 
by the DTPA groups of DTPA-dextran (assessed using an Orion Instruments ionized calcium analyzer); and 
c) elimination of tetany following intravenous injection of the resulting mixture into CBA/J mice (Jackson 
Laboratories) at a dose of 10 mg/25 gm body weight. This absence of tetany contrasts with th occurrence 
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of tetany and death in mice which were injected with an equ.va.ent dose of DTPA^*« alone ^ an 
importantly in the absence of balancing quantities of calcium .on, wh.ch render the resulting Ca-DTPA 
Sr^re y nontoxic in vivo. Hence, by in vitro and in vivo criteria, cispiatin (as ^'^'^"^oes 
romnlLation to DTPA-dextran at a sufficient binding stability to compete with an added, d.valent metal 

^SS^.^!i^^ «•* ™* chemicai structure of the resu,tin9 ^p |a « n - DTPA - dextran 

complex has not been further elucidated. , 



EXAMPLE 5 



70 



PREPARATION OF THE PAIRED-ION METAL COORDINATE-POLYMER COMPLEX. CISPLATIN-HEPARIN 
: (22,000-26,000 MW) 

Beef lung heparin (Upjohn Company) was added dry at 14 mg to 280 mg of dry PlatinolTM powder 
(Bristol Laboratories) containing 14 mg of cispiatin. the mixture dissolved in 14 cc of sten.e , water and 
vortexed for 1 minute to completely dissolve all components. Formation of a stable pa.red-.on complex 
, ZZen the planum coordinate and the sulfate groups cova.ently bound to heparin, was estabhshed by 
fwo tesi a) continued solubility of cispiatin at a higher concentration (2.25 mg/cc) than .ts nafve so.ub.lity 
lit oi M .5 mg/cc; and b) alteration of cispiatin biodistribution following intravenous and intraatenal ,n,ect.on 
in animals (see the Examples below). 

5 EXAMPLE 6 



PREPARATION OF HEAT-S TABILIZED, HYDROXYETHYL STARCH-MATRIX NANO-SPHERES WHjCH ENCAP; 
ftHEPARATIUlN ur Hfc^ ^ A -pp g spgfiNANDHWE XHEPARIN SURFACE COATING 

Hydroxyethyl starch 605 mg (Sigma Chemicals) was suspended in 5.5 cc of sterile water and heated for 
3S 3 minutes in a boiling water bath to bring it into a stab.e (translucent) emulsion and 5 cc of "padded 
toTori mg of PlatinolTM (Bristol Laboratories) containing 50 mg of cispiatin. Th.s was nanoemuls.f.ed for 30 
seconds^ 70 cc of heated (100* C) cottonseed oil (Sargent Welch) using a Bnnkmann Instruments 
ultSsonic homogenizer, and the oil cooled in a room-temperature water bath, with continued homogemza- 
on or 2 nTe Snutes until the emulsion itself reached room temperature This was *"™ S ^ 
« acetone (Fisher Chemicals) containing 0.5% Tween 80 (Sigma Chemical), and was harvested by cen- 
trifuaation and air dried. The resulting particle diameters ranged from 0.1-1.0 micron. 

9 A hepar?n coating was applied to the particle surfaces by adding 2 cc of a 
mo of beef lunq heparin (Upjohn Company), adding the particle suspens.on plus hepann to 70 cc of heated 
000- C) ^cottonseed" oi , and"' repeating the emulsification and extraction steps described m the pr^jdjng 
as oaraqraph The resulting particles ranged from 0.1 to 0.8 micron in diameter. The presence of a hepann 
Se coating was verified by suspending the particles in normal saline and adding protamine (S.gma 
Chemicas) a'mulivalent heparin-binding agent. This produced aggregation and agg.ut,nat.on of the 



heparin-coated (but not uncoated) particles. 
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EXAMPLE 7 



siN VIVO TESTING FOR SELECTIVE LUNG LOCALIZATION OF THE PRECEDING PREPARATIONS FOLLOW: 
: rNGlrTtRAVENOUS^DMINISTRATION 
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CBA/J mice (Jackson Laboratories) were injected intravenously via the tail vein with a) nanoparticles 
containing a heparin surface (as in Example 6) and b) soluble heparin-cispiatin complex-es (prepared as in 
Example 5). At 5 to 15 minutes postinjection, the animals were sacrificed, their lungs removed and fixed 
with intratracheal buffered formalin, tissue section cut at 8 microns thickness, and the' sections stained using 

s a newly devised method for platinum which comprises a microwave-augmented iron-type stain (60 °C x 2 
minute x 3 cycles) using a 1:1 mixture of 2% ferriferrocyanide reagent and 4% HCI. By this method, lung 
uptake of both the nanospheres (see Figure 4) and soluble paired-ion complex of cisplatin-hepariri was 
documented at the 5-minute postinjection interval. Rapid uptake occurred in both extracellular and intra- 
cellular compartments, and additional histochemical positivity of bronchial respiratory epithelium and 

w paratracheal lymph nodes was observed at 10-15 minutes. No significant staining was observed following 
intravenous injection of a standard formulation of Platinol (Bristol Laboratories), to those skilled in the art. 
additional evidence for selective lung localization, was obtained by injecting intravenously, analogous 
(subembolizing) heparin-coated nanoparticles containing encapsulated amphotericin B, into identical mice, 
homogenizing the lungs, and documenting an 8-fold increment in drug levels over native amphotericin B 

;s (deoxycholate formulation. Fungizone; Squibb) recovered at 1 to 3 hours postinjection. (See U.S. Patent 
-Application No. 07/033,432. and PCT application PCT/US88/01096. which are hereby incorporated by 
reference.) Hence, the preceding histologic stains correlated with an increment of nearly- 1 order of 
.magnitude in selective pulmonary carrier and drug localization. 

20 - 

EXAMPLE 8 



&/VIVO TESTING FOR SELECTIVE TUMOR LOCALIZATION OF THE PRECEDING PREPARA TIONS FOLLOW- 
ING INTRAARTERIAL ADMINISTRATION ~~ 
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Additional documentation for maintenance of the cisplatin-carrier paired-ion complex in vivo was 
obtained as follows. Rabbits bearing VX2 carcinomas of the right hind limb were catheterized under 
fluoroscopic control, and three of the preceding Platinol formulations, as well as standard Platinol. were 
injected at a constant dose of 15 mg (of cisplatin) per rabbit by selective arterial perfusion over 15 minutes, 
into the tumor-bearing limb. Animals were sacrificed at 15 minutes, and the tumors and organs were 
homogenized extracted and analyzed by atomic absorption for tissue platinum concentrations, as shown in 
Table 1 . 



Table 1 



Platinum content (ng/mg of tissue, wet weight) 


■ Ipsilateral 






Agent 


Blood 


Tumor 


Muscle 


Liver 


Kidney 


Hepann-cisplatin:. 
DTPA-dextran cisplatin: 

Heparin-coated. hydroxyethy! starch nanospheres of cisplatin: 
Standard: 


2.71 
2.14 
2.43 
2.36 


12.24 
.10.81 
14.07' 
8.40 


0.18 
. 0.29 
0.20 
1.09 


5.74 
3.47 
4.64 
6.09 


5.88 
2.92 
5.91 
4.09 
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Additionally, histochemical platinum stains were performed on the tumor tissues, as described in 
Example 7. These stains revealed intracellular tumor-cell (but not normal-cell) platinum in all of the groups 
in Table 1 except group 4. Moreover, the intracellular staining of tumor cells in groups 1-3 was significantly 
more intense than the background staining of hemoglobin iron in red blood cells. Since hemoglobin iron is 
present at a mean corpuscular hemoglobin concentration (MCHC) of about 0.2 molar, these results suggest 
strongly that tumor cell platinum reaches very high concentrations relative to those achieved with standard 
PlatinolTM. To individuals skilled in the art. this also indicates that selective tumor-cell augmentation of 
hysteresis heating may be achieved by first administering one or more of the carrier formulations described 
above, but in stabl complexation with a strong superparamagnetic substance which is otherwise too small 
and uncontrolled to undergo this degree of selective localization. 
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EXAMPLE 9 



PROLONGED ENHANCEMENT OF HUMAN TUMOR (MELANOMA) XENOGRAFTS IN NUDE MICE, BY PARA- 
PROLONGED ENH ^C^ ^ ^ c m ^^ S soWEDCOVATlNTLY WITH DEXTRAN 70 

The strong paramagnetic metal ion. gadolinium (Qd*3). was chelated stoichiometrically to DTPA-Dextran 
,o 70 p^T^ol 7e 9 a^on is described in Example 1. paragraph 2 (improved formulation). Swiss nude 
m°ce weTe noculateS with BRO-strain human malignant melanomas, and these were allowed to grow to a 1- 
Ts cm dTameter Moderately T1-weighted MR imaging (TR = 500 msec. TE = 40 msec) was performed ,n 
a sSa d otsonicsTM medical imager and a 30-cm RF head coll. before and after ,nt ^ avenous mjec ' " ° 
LuTvaient doses of Gd-OTPA-Dextran-70 (0.03 mmol Gd/kg) or Gd-DTPA (0.1 mmol/kg) contrast agent Gd- 
« VT^elZ and Gd-DTPA began to optimally enhance the tumors at comparably short postcentral 
SEE? 0 minutes however "by one four Gd-DTPA had completely faded, whereas ^TPA-d«*r« 
conS^ I to enhance these tumors intensely for longer than 2.5 hours (the cutoff t,me on .mag.ng 
extent" To those skilled in the art. it will be recognized from these results that che ated Gd and sma. 
meta ^^ coordinates in general, will benefit greatly in terms of potency (by at least half an order of 
2 o maanitSe mo selectivity and tumor retention, from covalent conjugation or strong paired-,on assoc.at.on 
wTdextran o7lc uding analogous carbohydrate carrier molecu.es. It will also be recognized that much 
Tower doses of me stronger superparamagnetics (including doses below about 0.01 mmol/kg, versus 0.1 
Zo^aZ Gd-DTPA) can be used to obtain effective MR. contrast enhancement and that much faster, 
more heavily Tl-weighted pu.se sequences can be implemented in the presence of superparamagnefc- 

25 ^rpr^ App,ication PCT/US88/01096), ^ 

J^ZJZ^^ th'e blood with a t„ 2 of about 50 minutes (versus 20 minutes for ^Gd-DTPA). Tota 
bodrclarance was almost complete (greater than 96%) by 24 hours. Hence, to those sk.lled m the art. rt 
wm be recognizTd that strong association of a meta. coordinate with a polymenc carbohydrate of 

30 pJedominan^ less thK SO.OOQ 9 MW. allows rapid and comp.ete b.ood and body clearance by predom. 
nantly renal pathways. 



EXAMPLE 10 
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PREPARATION OF PAIRED-ION MOLECULAR COMPLEXES OF Cr.S(0 2 CCH 3 ) 3 (H 2 0). ^ WITH NEGATIVELY 
HHARGEDPO^MERIC CARBOHYDRATE CARRIERS 
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The following . negatively charged polymeric carriers are obtained for individual addition and ,on paring 
to lhX™ZanetiJ\y coupled paramagnetic cation cluster. Cr 4 S(0 2 CCH 3 )s(H 2 0) t » (Exxon Corpora tion)- 
se th^n ^et a" article dted above): heparin (22.000-26.000 Da.tons. Upiohn Company); DTPA-dex rans 
4^000 and 7?000 MW parent carbohydrates, derivatized as in Example 1): DTPA-hydroxyethyl starch 
50 W MW parent caThydrate. prepared as in Example 2); and sucanylated-dextrans (40,000 and 60,000 

sXion a stoichiometric charge equivalency, or at 50% or 25% of charge equivalency, to a concentrated 
;^iSo;T^3(0,CCH,).<H,OV*» as the chloride sa.t. 'o« T P-""9 «• «^ by d^.^ 

so and heatino for 1-5 minutes to 100* C at pH 7, with vigorous stirnng. To subtractions of the 25 /<, and 50 /» 
mixtures (above is "dded a concentrated aqueous solution of N-methylglucamine at quant,t.es sufficient Ao 
a e e e ecSl neutrality. The stability of ion pairing is tested by *^">^ 
200 volumes of 0 15 N NaCI and assaying the retained (polymeric) materials for T1 relaxmty (IBM PC20 
NMR Spec" a. Analyzer). Those skilled in the art will recognize from the results of cisp afn compM.cn to 

S5 heoarin and OTPA-dextran (documented in Examples 4 and 5) that the even more pos.tively charged Cr*S- 
SScH 3 ) 8 (H 2 0)^ counter on of the present example results in an even stronger ion pairmg to hepann and 
o£™efzfL me satisfactory (/n vitro and in vivo) pairing achieved for the cisplatin metal-am.ne 
coordinate documented in Examples 4 and 5. 
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EXAMPLE 1 1 



5 PREPARATION OF 0uS(O 2 CCH3)b(H z O)^^ COVALENTLY CONJUGATED TO NEUTRAL POLYMERIC CAR- 
BOHYDRATE CARRIERS ■ 



The following two neutral polymeric carriers are obtained for individual addition and ion pairing to the 
ferromagnetically coupled paramagnetic cation cluster. Cr4S(0 2 CCH 3 ) s (H 2 0)/ 2 (Exxon Corporation): dextran 
and hydroxyethy I ^starch. Each polymer is added at 50 mg/cc to a saturated aqueous solution of Cr 4 S- 
(0 2 CCH3)s{H 2 0)4 2 as the chloride salt, in order to drive the reaction towards conjugation. Reaction is 
carried out at an alkaline pH of 8 to 10, at 4* C initially (and at room temperature in another run), with mild- 
to-moderate heating (including 45-60 *C) and over 30 minutes to 10 hours (most preferably 1-3 hours) as 
has been used and documented previously for manufacturing of dextran-iron oxide (ImferonTM Fisons 
Corporation - see Cox et aL. 208 Nature 237 (1965); Cox and King, 207 Nature 1202 (1965); and Cox et aL. 
24 J. Pharm. Pharmac. 513 (1972). all of which are hereby incorporated by reference), in order to facilitate 
formation of the chromate-oxide bond with hydroxyl groups of the dextran or hydroxyethyl starch. The 
.resulting conjugates are dialyzed and tested for stability and NMR T1 relaxivity as described in Example 10. 
Those skilled in the art will recognize from the ImferonTM literature and from knowledge that the water 
protons of Cr*S(0 2 CCH 3 ) 8 (H 2 0)4 * 2 are labile (see the Bino et aL article cited above), whereas the 
chromium-ion cluster is quite stable, thereby allowing formation of a chromate-hydroxyl bond with neutral 
carbohydrates which have moderate-to-high stability, thereby generating useful covalent conjugates. 



EXAMPLE 12 



PREPARATION OF Cr*S(Q 2 CCH 3 ) 8 (H 2 Q)4 * 2 COVALENTLY CONJUGATED TO POLYME RIC CARBOHYDRATE- 

CARBOXYLATE CARRIERS : 



The following three carboxylated polymeric carriers are conjugated individually to the ferromagnetically 
35 coupled para-magnetic cation cluster, CaS(0 2 CCH 3 ) 8 (H 2 0)4 * 2 (Exxon Corporation): DTPA-dextran 
(prepared as in Example 1). DTPA-hydroxyethyl starch (prepared as in • Example 2) and succinylated- 
dextran (prepared as in Example 3). Transesterification conjugation of Cr 4 S(0 2 CCH 3 ) 8 (H 2 0)** 2 (as the 
chloride salt) is carried out by adding the superparamagnetic ion at a saturating concentration individually to 
the three carboxylated carbohydrates. Reaction is carried out at an alkaline pH of 8 to 10, with mild-to- 
40 moderate heating (preferably at 45-80 °C) and over 30 minutes to 10 hours (preferably over 1-3 hours), as 
is accepted practice for transesterification procedures (see Morrison & Boyd, Organic Chemistry (1959) 
The resulting conjugate is dialyzed and test for stability and NMR T1 relaxivity as described in Example 10. 
Those skilled in the art will recognize, from the literature on trans-esterification and from knowledge that the 
water protons of Cr 4 S(0 2 CCH 3 ) 8 (H 2 0)d * 2 are labile, that formation of the chromium-carboxylate bond with 
<s the carbohydrates acetate or succinylate ligands will occur and have sufficient stability for in vivo use. 
thereby generating useful covalent conjugates. 

Figure 1 shows a perspective view of the Cr*S(0 2 CCH 3 ) 3 (H 2 0)d * 2 cation (excluding hydrogen atoms). 
The atoms are shown with ellipsoids, to indicate approximate thermal vibration ranges at room temperature. 
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EXAMPLE 13 



ADVANTAGES TO NMR IMAGING OF POLYMERIC FORMULATIONS OF SUPERPARAMAGNETICS INCLUD- 
ING FERROMAGNETICALLY COUPLED PARAMAG~NETIC COMPLEXES 1 
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Selected polymeric formulations of Cr.S(0 2 CCH 3 ) 8 (H 2 0)* \ prepared as described .n the preceding 
Examotes ie inlected intravenously to obtain systemic lesional uptake (frequently practiced .n rad.ology). 
^SS,Z^^rS^ Pranced in radiology), to obtain highly selective uptake in regional tumors, 
e pedaTy ?Itr?S brain and limbs. Those skilled in the art wiH recognize that the more potent. 

, Ze slctve less toxic (including especially chromium nontoxicity) polymeric formulates of super- 
pTr^agnetcs incTud ng cU(0 2 CCH 3 )s(H 2 0)*^ and analogous Custer compounds incorporating ,ons 
LTas Gd 5 3 or FeX advantageously allow the dose of paramagnetic, including chrom.um. to be reduced 
o less than £J 0.005 to 0°01 mmol/kg of body weight. (See Ranney. Contrast ^^^fSj 
Resonance Imaging, in Excerpta Medica at page 81 (1986). which ^^^^^^^ 

to will also be Ticked that MRI procedures involving fast .maging (see Bluem et aL 57 Radiology 335 
C ^98 5 rwhich is hereby incorporated by reference) and cardiovascular MR. (including MR "angiography ) 
!e Nagler et al.. 157 Radiology 313 (1985). which is hereby incorporated by reference) w, ^ef, greatly 
Tterms^f FhoTtened i^agi-^quisition time and improved quality, from a i ^Z^ZZSX!^ 
super-paramagnetic potency. Additionally, the polymeric superparamagnet.c labels described in the preced 

, 5 ng Examples are useful for co-labelling either therapeutic drug carriers (polymenc or nanosphenc) or the 
hlrES agents themselves, whose tumor (or other lesional) localization needs to be monitored and 
whTse rate of release from the carrier (bioavailability) needs to be assessed noninvas.ve.y ,n v,vo 
poSa ly in multiple lesions at different depths within a body region. In this context polymeric super- 
pa amagnetic labels are useful and of improved utility due to increased potency and selectivity and 

20 reduced Scity. Furthermore, increased potency allows drug release to be monitored over onger postin.ec- 
tion intervals within target tissues, organs, rumors and infections. These improvements are based on the 
pisent appHcation, and" also, in part, on applicant's earlier-reported work on the use of partial y 
but less potent Gd-DTPA-dextran-labelled drug carriers leading to localization m tissues and enhanced MRI 
detection X' the Ranney and Huffaker artic.e at 507 Proc, NY Acad, Sd_ 104 (1987). wh,ch „ hereby 

25 incorporated by reference.) 



EXAMPLE 14 



30 



ADVANTAGES TO HYSTERESIS HEATING OF POLYMERIC FORMULATIONS OF SUPERPARAMAGNETICS. 
ADVANTAGE5 [ TOHb_ ra ^^^^^^^^ ED pARAMAGNE f, c COMPLEXES 
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Microinhomogeneities of tissue heating represent a major problem in hyperthermia treatment of tumors^ 
This results in considerable part, from the selective survival of tumor cells lying ad.acent to m.crovessels 
which httloss is accentuated by blood flow. A partially effective approach to this prob.en ; « 
inject smal! ferromagnetic particles of Fe 2 Os directly into the tumor -asse s _ and the„ apply magnetic 
hvsteresis heating at frequencies of 10-100 kHz to the entire local region. (See Borell. et aL. 29 Phys. Med. 
□Tol W S EffectL superheating and tumor regression in mice occurs if the in ie cted magnet.c 
nSirial is present 1) in sufficient quantity and 2) at a sufficient macrodomain size for efficient hysteresis 
%%S£s^«£« (including 2.5-2 micron particle diameters,. Because the carrier ion-cluster agents 
des^bed in the preceding Examples have the properties of markedly improved selectiv.ty and dose o 
umoMocalization'retentionin the yiabje (perfused) subregions of tumor and improved , tumor-ce,. up«£. 
will be understood by those skilledlr7 the art that these carrienon-cluster agents can be of s.gn.f.cant 
benefft in Ign^enting the homogeneity, magnitude and tumor-cell selectivity of hysteres-s heatmg mduced 
bToscI«ng magnetic fields, provided that the associated superparamagnetic agents which may be 
associated Tb y conation, ion-pairing, or encapsulation) become concentrated as adequately sized macro- 
domains (of at leas? about 0.5 micron) in the target sites or cells. Histologic stammg for cisplatin (pe 
ExTmoTe 7) of the VX2 rabbit carcinomas which were perfused with heparin-coated c,spiat.n-hydroxyethy 
staTh nano S p h resTor 0.1-0.8 micron diameters), documented that many of the tumor cells in the target 
Sqion addressed by selective arterial perfusion, stained intracellular^ in a punctate pattern wherein the 
diameters of punctete staining positivity ranged from 0.1 to 0.8 micron (- the diameters of the ongina. 
oartTdes) importantly, high (including about 0.2 molar) intracellular concentrates of c.sp at.n were 
2^ inZ^ c^nJ. cells In vivo (see Example 8). The combination of these high levels plus 
S^sHuta aggregation were achieved by administering the cisplatin formulated as a heparin-coated 
SaSe Ts 9 documents the type and extent of intracellular accumulation and aggregation of 
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superparamagnetics which are useful in locally amplifying exogenous hysteresis heating. Notably, ag- 
gregated staining was absent following intraarterial perfusion of standard (soluble, low-molecular-weight) 
cisplatin. Hence, in the present example, heparin-coated Cr4S(0 2 CCH3)8<H 2 Q)4* 2 hydroxyethyl starch 
nanospheres and microspheres of 0.8-3.0 micron diameters, when administered intraarterially. are useful as 
amplifiers of hysteresis heating, and therefore as inducers of augmented cell death in vivo. 



EXAMPLE 15 



GLYCINE-SUBST1TUTED NEW POLYATOMIC Cr CLUSTER 



The substrate, Cr4S(0 2 CCH3) 8 (H 2 0)4. was prepared as described by A. Bino et a/. (Science, Vol. 241, 
: pp. 1479-1482. Sept. 16. 1988). This was added at 0.5 gm to 50 cc of acetic anhydride, followed by the 
addition of 0.1 gm of glycine. The mixture was refluxed at 142 degrees C for 4 hours, resulting in a yellow- 
green solution which was poured while still hot into cold water. Evaporation of the solvent gave yellow 
crystals, which, when recrystallized, gave an infrared (IR) spectrum indicative of glycine substitution for 
some of the acetate bridging groups, and retention of Cr-0 and Cr-S bonds (Fig. 5C, with Figs. 5D and 5E 
representing the appropriate controls). Specifically, the IR bands around 1600 cm - ' (Fig. 5C) are char- 
acteristic of ionized bidentate glycine, and the bands between 300 and 400 cm" are also consistent with 
this. The additional bands between 300 and 400 cm" 1 are also consistent with the presence of Cr-0 and Cr- 
S bonds. Figs. 5A and 5B show the degradation controls wherein the Cr4S(0 2 CCH 3 ) 8 (H 2 OH- degrades to 
ionic chromium (by IR spectral criteria) when heated with glycine in an aqueous (protonating) solvent, water, 
for 4 hours at 92 degrees C. These results provide strong evidence for the formation of a novel polyatomic 
chromium-atom cluster compound of the general formula, Cr n S(0 2 CCH 3 )x(Gly) y (H 2 0) 2 , wherein n is the 
number of Cr atoms greater than 1 , x is the number of acetates between about 3 and 7, y is the number of 
glycines between about 1 and 5, and z is the number of loosely bound waters. The inclusion of bidentate 
glycine as a new bridging ligand in the polyatomic chromium cluster provides a new reactive (charged) 
group for binding to carriers and renders the entire compound new and novel. 



EXAMPLE 16 



NEW POLYATOMIC GADOLINIUM CLUSTER COMPOUND 



Gadolinium chloride (3.7 gm. Alpha) and Na 2 S (2.4 gm, Sigma) were mixed in 25 cc of a 1:1 mixture of 
glacial acetic acid and acetic anhydride and refluxed at 138 degrees C for 3 days. After removal of the dark 
red. gadolinium-negative filtrate, a lightly tan-colored precipitate was recovered which was qualitatively 
positive for gadolinium and which, after recrystallization. yielded a water-soluble compound whose IR 
spectrum was consistent with gadolinium acetate. Importantly, several additional bands were present in the 
carbonyl (ca. 1500 cm" 1 ) and C-O (ca. 1000 cm" 1 ) bond stretching wavelengths, which are strongly 
indicative of a polyatomic (polymeric) nature of this complex and. hence; indicative of a novel, gadolinium- 
containing, polyatomic complex for use with the disclosed carriers. 



EXAMPLE 17 



FORMATION OF STABLE CARRIER/POLYATOMIC METAL ATOM COMPLEXES . 



Carboxymethyl dextran was obtained commercially and mixed with Cr 4 S<0 2 CCH 3 ) 8 (H 2 0)4. The result- 
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ina complex had a T1 relatively <R1> 3 times greater than that of the simple chromium cluster, indicative of 
s^ong paSd-fon binding between the chromium cluster and the carrier. Analogous m.xtures were per- 
oTrneVo Ss(OaCCH 3 MH 2 OV and (a) dicarboxyethy. dextran; (b) heparin; and (c) dexfran l tuma . The 
resulting paired-ion complexes were stable to dialysis in 0.15 molar (isoton.c) to 0.5 molar sahne. 



Further Modifications and Variations 



It will be recognized by those skilled in the art that the innovative concepts disclosed in the present 
app iL"on ca ^ be' appHed in a wide variety of contexts. Moreover, the preferred implementation can be 
TdSdTn a tremendous variety of ways. Accordingly, it should be understood that the mediations and 
vSons suggested above are merely il.ustrative. These examples may help to show some of the scope of 
mrr v enie 9 concepts. but these examples do not nearly exhaust the full scope of var.at.ons -n the 

di %TexC." n a.rugh.the presently preferred embodiment is primarily directed to imaging the 
seleSve transport advantages provided could also be used to enhance the performance of NMR spec- 

troscopy of the human body if desired. «iararv»utir 
For another example, it is alternatively possible to combine a carrier group w,th a smal ' ^peu^ 
complex. Combinations of boron (or a boroleptic group which provides a site for boron) * J ^PjSS 
with a carrier group like those described above many be advantageous. The active ^ent may b e se fleeted 
to provide chemotherapeutic impact, or to provide sensitization or augmentat-on for M ™« e *^. 

Fo one example, although the disclosed innovations are particularly advantageous .n selective transport 
to tumor sites'hey can also'be adapted for use with a wide variety of other types offsesseoi p^ogy. 
to selectively address sites where "vascular-permeability-increased" tissue ex,s£ For^p* the dis- 
closed innovations can be adapted for use in treatment or imag.ng (or fine-scale d.agnos.s) of arthritis, 
diabetic angiopathy, retinitis, transplantation rejection, or other inflammatory conditions. _ 

llmifarfy the disclosed innovative ideas can also be adapted for selectively .mag.ng sclerotic tissue, 
and thus mav be useful in dealing with conditions such as arteriosclerosis or multiple sclerosis. 

For y Tanother example, the disclosed innovative ideas can also be used to monitor rates of drug 

atrthe 6 ; Z^^c polymers other than CARBETIMERTM could be used. CARBETIMERTM 
is a pdya^hyderpolyamine synthetic polymer, which provides useful transport charactenst.es as a earner. 
MiyXfsuch synthetic po.ymers have been proposed, and could be used, if desired, as the polymer ,n 

th Ts r nould also be noted that the carrier can be used either as a polymer or as a micros iphere (or ^ other 
supermolecular aggregation). Polymers are most preferably given a molecular weight ,n the range of 15 000 
to ^000 Oaltons as described above; but larger polymer sizes may be advantageous for some 
Locations I particular, where the toxicity is very low (as with chromium), it may be advantageous to use 
Slymer whose molecular weight is above the renal clearance limit. In such cases, the resulting clearance 
«me w7oerm°n h e composition to be used as a "blood pool." where a low blood concentration ,s avaHable 
Z a long penod of time to diffuse into a target site. (This may be particularly useful for therapeutic 

^'Mfcrospneres are even larger than the largest preferred polymer sizes. For examp^. a polymer of 
200 000 Daltons molecular weight will have a typical maximum d.mens.on of less than 12 nm. whereas a 
m^hSnfS have a diameter of 100 nm or more. The present invention may o^^V^** 
microspheres as large as 250 microns. (The larger microsphere sizes are pnmarily useful for embolization 
S g o tung and'tumor. and for imaging body cavities, such as lung, bladder, bowel or cemra. nervous 
system cavities.) Microspheres may include a surface coating wh.ch provides ava.lab.e reactive , group., 
uch as hydroxy., carbonyl. aldehyde, carboxylate. sulfate, phosphate and amine groups (singly or in 
combination) for binding to the complex being transported, whereas these reactive groups need not be 
pSentln the matrix of L microsphere. However, it shouid be noted that the polymers of the m.crosphere 
matrix should preferably be completely water-soluble, to facilitate clearance from * he bod V\ 

It should also be noted that a composition of microspheres; wrth a d.ameter between abou 0^1 
micrometer and about 4.0 micrometers, and a polyatomic metal atom cluster wh.ch ^ s fl^^. * 
Tr, ITn CcL*lH,0)S* bound to diethylenetriaminepentaacetate-dextran. d.ethylenetnam.ne 
SSSeS^SSiy. starch, heparin, dextran sulfate or pentosan polysulfate. is believed to be 

^ Sef ScSTlJSS is that carriers (such as dextran) have been ionical.y coupled to 
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an active agent, to produce drug salts: but is has not been conventional to chelate an active agent to a 
carrier, as is disclosed in some of the innovative examples above. As the examples above show, this further 
innovative teaching is believed to provide srgnificant.advantages. 

For superparamagnetic polyatomic structures, it should be noted that heteropolyatomic structures can 
be used to reduce the need for binding ligands. For example, it is known that vanadium, cobalt, or tungsten 
can be used as binding atoms to stabilize the relative positions of chromium atoms. 

For another modification of the superparamagnetic polyatomic structures, it is expected that the central 
coordinating atom (which is sulfur in the Cr4S(0 2 CCH 3 )a(H 2 0)4 * 2 example) could alternatively be tungsten, 
or even vanadium, molybdenum, cobalt, or other species. 

In a further alternative, it has been found that transport of glycerol by a polymeric carrier actually 
increases the permeability of the vascular walls in the tumorous region. Thus, optionally, this effect can be 
used to further increase the selectivity of delivery of the desired agent. 

Moreover, the varying requirements of various applications may imply a rebalancing of the various 
factors enumerated. For example, where it is desired to transport a metal ion which is very non-toxic, loose 
binding to the polymeric carrier may be perfectly acceptable. Conversely, in some cases covalent bonding 
may be particularly advantageous. Paired-ion embodiments may be advantageous for improved renal 
excretion. Polymers less than about 45K Daltons are particularly advantageous for rapid renal excretion. (Of 
course, in assessing the size of a polymer composition, it must be recognized that there will normally be a 
distribution of sizes actually present The references to molecular weight of polymers herein generally refer 
to the molecular number weight, or M N , i.e. the peak of this distribution.) 

As will be recognized by those skilled in the art. the innovative concepts described in the present 
application can be modified and varied over a tremendous range of applications, and accordingly, their 
scope is not limited except by the allowed claims. 

Although the invention is being described mainly in connection with diagnostic methods, it also has 
other uses and may, for example, be used in pathology. 



Claims 



1. A composition of matter comprising: 

a superparamagnetic polyatomic complex, containing plural paramagnetic metal atoms mutually ferromag- 
netically coupled, and including multiple bridging ligand groups which are bound to ones of said 
paramagnetic atoms, 

said polyatomic complex being bound to or associated with: 

a biocompatible, clearable carrier comprising a substantially completely water-soluble polymer which is 
native or modified carbohydrate, oligosaccharide, polysaccharide, glycosaminoglycan, or structurally analo- 
gous synthetic polymers; said carrier having repeating hydrophilic monomeric units which contain covalently 
bound available reactive groups selected from the group consisting of one or more of: hydroxy!, carbonyl, 
aldehyde, carboxylate. sulfate, phosphate and amine groups, singly or in combination: 
wherein the molar ratio of said polyatomic complex to said carrier is at least 10:1. " 

2. The composition of Claim 1 defined further, wherein said reactive groups of said carrier are 
chemically complementary to determinants of vertebrate endothelia or epithelia. 

3. The composition of Claim 1, defined further as an in vivo diagnostic agent with the capacity to 
enhance internal images or shift internal spectra arising from induced magnetic resonance signals. 

4. The composition of Claim 1, wherein said carrier has a molecular weight between about 15 000 and 
40,000 Daltons. ' 

5. The composition of Claim 1, wherein said polyatomic metal atom complexes are bound to said 
carrier noncovalently by a strong ionic, paired-ion or charge interaction, and wherein said strong ionic, 
paired-ion or charge interaction is by chemical coordination or chelation binding of said polyatomic metal 
atom complex by ones of said reactive groups of said polymer, each site of said coordination or chelation 
binding having a coordination number of between 2 and 10 inclusive. 

6. The composition of Claim 1 , wherein the molecular diameter of said carrier is less than about twelve 
nanometers, and said polyatomic metal atoms complex is in a molar ratio to said monomeric units of said 
earner of between about 1:2 and about 1:8, and said carrier contains less than about 5% (w/w) cross-linked 
or microaggregated species, all of low toxicity. 

7. The composition of Claim 1, wherein said water-soluble polymer of said carrier comprises one or 
more of the following: dextran, dextran sulfate, diethylaminoethyl dextran, carboxymethyl dextran, dicarbox- 
yethyl dextran. succinylated dextran, diethylenetriaminepentaacetate-dextran, hydroxyethyl starch, dicarbox- 
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yethylhydroxyethyl starch, carboxymethylhydroxyethy. starch, succ.nylated 

diethylenetriamine pentaacetate-starch. heparin, heparin sulfate, dermatan sulfate, pentosan PoK/suifate 
dicarboxyethyl heparin. succinylated heparin or diethylenetnam.nepentaacetate-hepann, and 

CAR 8 B ^le coZosition of Claim 1. wherein said paramagnetic metal atoms include one or more selected 
from the group consisting of: chromium, copper, manganese, iron, platinum, cobalt, vanad.um, molyb- 
denum, tungsten, gadolinium, erbium, dysprosium, europium, and holmium. 

9. The composition of Claim 1. wherein said superparamagnetic polyatomic complex has the formula 
(Cr 4 SR n C m >. where R is a bridging ligand including one or more of: formate, formaldehyde. 0^«kM^te. 
acetate glycinate. succinate, acetylacetonate. malonate. propionate, glutarate hydroxamate. oxalate 2- 
bromoacetate. 2-sulfoethanoate. thio.acetate or thiog.yco.ate: n is the number of R groups pe me rta atom 
complex, numbering between 4 and 12: C is a stabilizing counterion '^^^^^Tl t 
water or one or more of the following ions: halide, sulfate, nitrate, carboxylate, and phosphate, and m .s 

bet To e Vhe a composition of Claim 1 defined further, wherein said bridging ligands comprise a combination 
of acetate and glycinate groups at a molar ratio of between about 1 and 3 glycinates per polyatomic cluster, 
and amino qroups of said glycinate assist binding to said carrier. 

11 The composition of Cairn 1. wherein said polyatomic metal atom complex comprises a water- 
soluble water-stable compound in which, said metal atoms comprise gadolinium atoms bound to acetate 

9r °T 2 S ' The composition of Claim 22, wherein said microspheres have a diameter between about 0.1 
micrometer and about 4.0 micrometers, and said polyatomic metal atom cluster consists essentially of 
STsSTJcH 3 ) 8 (H 2 OK)* 2 bound to diethylenetriamine pentaacetate-dextran. d.ethy.enetnam.ne 
pentaacetate-hydroxyethyl starch, heparin, dextran sulfate or pentosan polysulfate. 

13. A composition of matter comprising: 
a metal atom complex or coordinate, bound by chelation or coordination to: Mlor . torl 
a biocompatib.e. clearable carrier comprising a substantially completely water-soluble ■ P°£^»=£ 
from the group consisting of: native or modified carbohydrate, oligosaccharide. ^>y>»^^ 
glycosaminoglycan. or structurally analogous synthetic polymers: said earner having repeating hydroph.hc 
monomeric units which contain covalently bound available reactive groups: 

wherein said metal atom complex is bound to said carrier by coordination or chelation binding of sa.d metal 
atom complex by ones of said reactive groups of said polymer, each site of said coord.nat.on or chelafon 
binding, on said carrier, having a coordination number of between 2 and 10 mclus.ve. t ^ r ^ utir 

14 The composition of matter of Claim 13. wherein said metal atom complex deludes a i^eubc 
agent which is a metal-atom-containing antitumor drug. cis-dichlorod,am,ne platmum or other platinum 
complexes and coordinates, or boron or boroleptics. 

?5 the composition of matter of Claim 13. wherein said metal atom complex mc tides c.s-d,ch- 
lorodiamine platinum or other therapeutic platinum coordinates, and wherein said polymer of said earner .s 
heparin or diethylenetriaminepentaacetate-dextran. 

16. A composition of matter comprising: 

a metal atom complex or coordinate, bound to: M i--t 0 ,4 
a biocompatible, clearable carrier comprising a substantially completely water-so.ubte polymer selected 
from the group consisting of: native or modified carbohydrate, ohgosacchande. ^acc^e 
glyTosamino'glycan. or structurally analogous synthetic po.ymers: said carrier having 
monomeric units which contain covalently bound available reactive groups wh.ch are complementary to 
determinants of vertebrate epithelia or endothe.ia: and. wherein said carrier has a mo.ecu.ar we.ght wh.ch 
substantially always falls between about 15.000 and 40,000 Daltons. 

17. A method for magnetic resonance imaging, comprising the steps of: 

identifying a living vertebrate animal to be imaged: «.„--w 
introducing into the blood stream or body cavity of said animal a d.agnostic imaging or spectral 
SS^enJt pectra. shift agent comprising a hydrophi.ic polymeric compound which comprises a 
carrier molecule with a molecular weight of greater than about 15.000 Daltons. and also includes multiple 
polyatomic metal atom complexes associated with each said carrier molecule, each of polyatomic metal 
atom complexes including multiple paramagnetic metal atoms which are magnefcally coupled to collec- 
tively render each said polyatomic metal atom complex superparamagnetic; 
aoDlvina to said animal a strong magnetic field which includes a gradient; and 

app y ng To a least a portion^ said anima. an electromagnetic perturbation field at a r^jwjy 
generally corresponding to a resonant frequency of a predetermined atomic nucleus at a magnetic f.eld 
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strength which falls within the range* of field strengths applied to said animal by said strong magnetic field, 
and measuring the radio frequency emissions to define a spatial map of magnetic resonance characteristics 
within tissues of said animal. 

18. A method for selective hysteresis heating, comprising the steps of: 
identifying a living vertebrate animal to be heated; 

introducing into the blood stream or body cavity of said animal an agent comprising a hydrophilic polymeric 
compound which comprises a carrier molecule with a molecular weight of greater than about 15,000 
Daltons. and also includes multiple polyatomic metal atom complexes associated with each said carrier 
molecule, each of polyatomic metal atom complexes rncludng multiple paramagnetic metal atoms which are 
mutually ferromagnetically coupled to collectively render each said polyatomic metal atom complex 
superparamagnetic; and 

applying radio frequency energy to said animal at a relatively high field intensity and energy. 

19. A method of magnetic resonance imaging, characterised in that the body or material to be imaged 
contains an agent comprising a hydrophilic polymeric compound which comprises a carrier molecule with a 
molecular weight of greater than about 15,000 Daltons, and also includes multiple polyatomic metal atom 
complexes associated with each said carrier molecule, each of polyatomic metal atom complexes including 
multiple paramagnetic metal atoms which are magnetically coupled to collectively render each said 
polyatomic metal atom complex superparamagnetic. 

20. A method according to claim 19, characterised by applying to said body or material a strong 
magnetic field which includes a gradient and applying to at least a portion of said body or material an 
eletromagnetic perturbation field at a radio frequency generally corresponding to a resonant frequency of a 
predetermined atomic nucleus at a magnetic field strength which falls within the range of field strengths 
applied by said strong magnetic field, and measuring the radio frequency emissions to define a spatial map 
of magnetic resonance characteristics. 

21. A method of radio frequency heating, characterised in that the material or body to be heated 
contains an agent comprising a hydrophilic polymeric compound which comprises a carrier molecule with a 
molecular weight of greater than about 15.000 Daltons, and also includes multiple polyatomic metal atom 
complexes associated with each said carrier molecular, each of polyatomic metal atom complexes including 
multiple paramagnetic metal atoms which are mutually ferromagnetically coupled to collectively render each 
said polyatomic metal atom complex superparamagnetic. 

22. The composition of any of claims 1 to 16 when prepared for use in or in connection with a surgical, 
therapeutical or diagnostic method on a living body. 
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Figure 4 
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